


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1991 


An engineering study of altitude 
determination deficiencies of the Service 
Aircraft Instrumentation Package (SAIP) 


Eastburg, Steven R. 


http://ndl.handle.net/10945/43768 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
th D U DLEY research mate rials and institutional publications c reated by the NPS community. 
«iit : 3 Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
IHN KN Ox appointed — and published — scholarly author. 
a ] LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 




















































0 ah Ras OM ds 
Bh Boin0 in Ae jm ioe 
nal 4p ite ens rai rere y rit 
abana» tks be 3 vp atk: 
Neer anaes Shale vite i 
oe. neal h eg, i a “hla oy a i 
r wey A D idad a a1 i 3 wa 35% patie 1. 
5 +43 re toss re bo) vem Mw 
bas ae a f, ie) ead 
Marre j ~ i ¢ 
a oh ; 4 “ “a mae ad 
ase es 7 ae a wins on rset Roo 
mo cL ee tu "nyt ge 4 ° a’ bt me hy ia 1Pou 8 aA. ; 
' co , Cid ; 7 ie a ET wt Ue ER tea shee 
; 4 ee 6 Nee SAA. TAUB) yet ae ee fit gta, 2 ak é pte 
: ie he a ants <a 6 Ble? Gar ‘eG P lee aa * ae Mie ‘4! 
\ Rams fe or canoe e a ae ae Se "i ' y Naha, eae gi 
oo es vo oalay Mr A nt aa bit Ny “ashe A rea ae 
a eat! Bs oP Ay) 4 H ai ie tty 4! rt <7 kn + e2'A4 hee « aiid g mor gt Sy 
» . ; ans ‘ ¢ an oie ef ig t200 “fe &: “mn ; Ly sate ia ¢ Kar aes Lal . 
. , iy ; s oF oe v4 : ae se - 4 me 2, At, ae vk dua oes Soe bite ris mi) oe the 
oe ¥ een, wea ae er Ley Set et ge oF ei de as on sae a yy ry toes Aghia nedreyigin Sagi decageheye eins et As 
é ‘ a 1 gy ; wre yg m4 ee eh i, a4, Re “e a a ' Crh tga aries a Ree ayia “die é oy 
ee beer “eee ete ar ya mies 2 ae ieetete’ fe ar ey, 4b 205 os stale ‘ati og 
es | 4 to ogt thy né ve aura) *, aT 3,7 es aya bal, 0 acy. ieeasa, tance? (i 
ate Pate ala gf Be hii See Me sae nly ect ta 
Ze . ty, a & ctor Ly Acat 3 try" : agrtes * A was e $h\"Ktw » 5! swthes ier M HnediD. A. 26 Mar hoe 
PY By eh; a ae a is “ae P. Sethe i oes sheet : rr v " quo a ‘ Reid, 4.5 cae a ’ Stahl Bases: ieee aaa? 5 
- P oes a! crise 4 : a» ta" fe ‘ = 4 r ate ‘ - «alse 2, PWIA 
ts i Sets ie ae pae ie ee ‘* hs ' b re re a fates ot J ok egs a Mies ane : 
. ee : : Ss gots re = a A uae % me “ede ee 7h BAe 
s ing (ei “x, ee r] nts “4 ° ae os } Wraccin ‘, alae oe ' 
2 ies ue es. as eV o 4 (Slate 
ae Pie SOL punt) ; eye ‘ 4 
we . . 
' . ‘ iS Y ‘ ¢@ . sh 
. oon e 


by Bs 
esse emai 
gaia wih den — 

Mane asain bat Ymrtahtocotegha ky 

tage iy oats euaer © 

4 rs o'n . 4 eo ag, . 

atase ’ cae a annie Wey Tet 

te LY . " a ‘7 ‘i, hy aaa jb : 

whe "se \ Le 4 ' 

. Pol Py , 

. ic) Ae y : 

0 ai e ’ : . F d 

















































































































































































































































































a Erne t P abe) tte say 
sacs Bese sf ny Ae] arin Gissisne Pass ent 
(nary a9 Fs Cake Ceti x it Ait oat the oe 
ek: vat i 00% ‘te ’ eiatah a * an helt "iG 
ms ae “ % 
. av’ ick Sn pe : nasa h La 8) fates hae Paeey fs dekea 
» . abbyy b i 2 sa 
=| ty Y r rey A 4 de eine mrt if 8,7 lpr? Sy. ii lagen nar i Ui " fy hi ite a 
a ee as of os! i i gee sane? ena Ca “ye nae ie Phar hearts hs tages hucte ane 
1 f] a 0 fer 3 «' 1 ee a 7 ‘ato 
oe “8 na P i? A $ . “ . 4 Ee ¢ { ee hee Homie oe sia rhe : Medts ri mie tee . A a goth’ ee ante, fae Rel pat nd sats She esti ey 
' ' of , F ah © 7g 5 oe 9 n ne ade tah, * ee wens ate 4° + are ae : SOY atts he Mg ie: 2 el 
i t- ute ¢ a ae #3 i Ear vag 8 "yond pO Ges we nigh 4 fy 2d, Menta’ ite o bs he (Onna ATH sid Pre ty PatNin : 
= 3 8 a tf ee Hes Sue 7 oy Ae oot Nie sah here oe taped sa? Ree bine ex, 8 . 2 wor'9, Ot {AZ aiera ) Mame ee ut no, 
A ’ » sem, - "es a ae ! ys ae a’ oe Reh? otis fi tyr 45. 555., Sekine. feshen; Peafay fa anak nd sos 
: : : panes eae ok Beyer erie by ero vied e fire H wae 
. A Ree ote } ‘ ‘ ten P vie F age tsk Pas f 0 4's ape Mu Aw ae tae 45 mt att sre : oa ER nyo seat wt, nee heey 
ae bai. a . are ale is Ht eo hae ' i } tno $ teal, us woteg date a * a i 3 4 NR ais rag > i“ e sale ipa RTS eit 
: : : 3 : ee ee ? ate ay ile Weare : Pe eh 4 Hap by tes, 
‘ Be {0 Fi a ar ataye a fs t* in " ‘ha %, yy iste ho yr a eco iF ues es a Me gees ntAs Myade Nout econ ere) Petes 
Bin i 7 Pa $.f ¢ Bs ota ge ag atad a yl % mea a “y ore atta Nhs “ iv v4 ei yietn 2 Tae aS el meg yy ai, F 
' : ‘ sen “Wit, : ‘ hy! Wiehe gas A ANA be. * i Sareahts 6 Ape Sc vac 
: . ' : my ard 6 ‘ny tala : ine 4.4. Ataimy fa? ae ’ 
; ee SRN tot vy aye Mia Bh, Br att Leas Ae: Lda te aie: abe prrgya PA a ache af wal vlarhe 
' AU aCPe cH ; zs Tine th ate Si 2 a ‘a A wa, FE Jy git ate = ye Te 44 A os ce: bike Ri Nee wy OK ” Siem 4 wotetoatacl ear, - 
Usbas : neaeer wt patenetee yw? 1) she ai af . cy ‘’ Oui 3t'a 7 t dey a ’ Va giewes io ee Henne Re aos 
. a an f n Set ‘1 Cea we “wit fo a) ee te ae tea ease waa yy" oe. uy a 
, , Sse eriec ae sy oof 3 Bethe ee $y eyed 5 ar Kay a aan fads 1s ae pas ¢ at bi eh eke an 
Ces es (ata wed : fond eee : a aes Aten nethees * alin o> e ie rare! eae et oh eadaie ga rats Mia 
‘ , ‘ t? ‘6 ' Baia Y sy butaty me 4s vf ’ ri | Page 40s oe ° | ob i or S Pea ger matt ata af ad nese? sete Vad fa a fe dsenfhris a < ae 
7 ' . e.e a . 8 3 at) ; = ‘ + > . ta | * ae v * H 
, : cae ‘ soe eu aL ae ena Re : ey f ae A mR yee va mies aD ee z “als Und ee ear rent 'S Patra Sit tathiog 
ome eee pacts inate’ we an’ Sse ee ee rip car fata, af). au Me eg hdhse att Sid y eta Jaye % lb ca Harehese a Jacnties 5) Se is 
. . wrecs . es ane eo Br me le A ep emtign 95 hl ahe bs Pw i: «fee, mi 
reer Ae! ae aie eerie ate he ee, ec Loris vaghatwancn We “getdate dv Shastsiges aa mElorial$ ea 
: ag tee Mies st acd ic igs, Sane, Mat ee ew Ass ‘ae eA < “ Sg letinta y Ti rbiette ert wed Acar adel bit les ests 
ce ie - y Vara cate aD as ST Moo ge iat ee Aor gnyye ‘see feat eta aS nas 21h is Wat eee a anenai et Nord Ge Dy 2 — 
3 aah , a Ye | ‘ A ; 4 aa ee eed itatate i : ne ’ “3 ae f : wife's . jee try Mi e — aS “ef HEN shag ig slag! CF) Rae nih a 
" 7 : ESars 7 rs ae ray ‘ 24 ; . iy ‘ i % aa } “y Naat He ge Lu $ 5 mata R iiaghas: 9. i" Rt rioeth igh “ ad 4 file a Ha awe MG a nae 
, - OAC Pi " ‘ ¢ ' Lana cs ir : x 2 : ofa 
on nf any ode ' if i, ‘hts? ac : Pelee 6 Wry as eae > “f a) a ye seietaa tate ral “ += THY bad és wise ee a a yh as eeu cick ¥ 
OL Sees ey aN Me a a Seat eet Pee ih ate tha CA foe § Ht tok BO f ioe ony et m 
eee ne Unis Pt ens sat ; ae A eae sia: ee yey agit! ‘yt id Park Raa GME Ae pelts on nee ere Eb ee ste chi 
a ae ; : . ne /. a land Lestat RORY Tha. weet 4M bs iota) Psat 43a? Tanna 12s i 3 oa 
Bae, | oye ote ae poe oi we MLE ahi Natt eeieiande Nes Mirae wes oat gee 
' as aearre ¢ . i : { AERO a ae qq. “ hy ey ‘ team ats gi te Aye aS Emanesant ys Mita feat! aan mw » yas aie a ry? ea Jaahhe te. me 
pis ie ae ‘ Te ae ee - ' eet te i . ' eae Tt ha me tans Pipatecan Sod Tag tente Sodas, t a rt saat fafa, 
ota ciate tot Caco rae Pees wf bit Suv nare La wietheg! oy ate ae us ig Eas ed) es vo oY enia nd pe : 
. . te a rs alah, Py ‘ Lee ex” *y oe Ser 4 bsp Alera 4 “tg -habty Caf Se cy Wh, efag, agut 4 ayy att a dint a 
A ae ee rau oy ee Nes Seattle as Gt ee aia gut, trey Sh calisctarttatale Brees 
‘ _ ay tmeere er "4's "y o afy Atytys, f° 3° 2 ° Rae ; heu BLS oe einY oF oF ta: Aun ee Piece fisfic 
: ay rege Phone . mote a Pekan 3 re GUL rere + $s; aE a? Raanamineats ant 3 nny eae : Won hae pie et faay f 
. . ste rect mh vs stats ae ye ¢ aa! * 4 afAteds Se Ns ba ast, pes ts bfotsst nahh ’ Hiss es A. eats 
: " ’ pa be alae | CAC Uae . Pear uiatieae ALT Sey TA ade We asme BINT fa lafe a SEfi rae hs 
ae , YL rrwoe ao" Py ey Mal Stet) oI Lat oF; Pnhity end Nat , A M~ ones s © Per efelagis aig’ Upto y’ Rg 1 
Oe ¢ ' i Seen ea a eae a fr yf fs att freee RI! ing Fae leon PAST oh pepe het bab 
a EM i Papa Ras Pe Pepy lt aay aye “f gy ri ot ene Siadngat ng Natit Agee tty Cepia Geo tit 4 
; i ‘i . pe “Mo . meee fi me wi a % By ae , yA? &y-o A Sih Waldng 
che wao ane ame ea aa Mee ae ahtearss te Nias pas ach tabi a te passes ie ERIE 
, Aa e484 ’ Hate 1 0a cern ty oe 8p oy . an Tes en afale fe a! Sea f eta ba ict wie th iE 
mae * & ' aa 7 es a2 v tae ae Lae me > 4 its me 1a Mistae Aa By 14 ee sits var maple ay . 
ee ’ ar ears oo ’ ri > " é Fea 
7 ag 8 ar aa cA) . ' F ! f se? Se S ’ +“ ate 5 » 4 Ae dant ete: wie ee sett thie fates 4 REN mane ashe Fk 
; meme eter CUnmeORE arae Cica os Atay leh RELY) Li cmb ata, aR hs 
: : veh og alee Cae CER nating ake ae Se nae See ae Mtatde’ achies, rieee are, ary? TO cig ry, 7 Lert : ay tobad Raed 33 ides 
ari DE eanaa pose cra Hee situa! oy a uote Roa ales fy os}. hy ri : * ete a izt,: a ay fee eS, fs Rates " its 
a m ' Spe baiare er » aaa * ' nie te <¥ 
aa . F Raine ' " ey pear Ha ol r oa eh os cate ra Hy "\Ae Sey at "ait fe" cs) 4 ui, UO dyes meiuatti ef AG eh fh tnt 4¥ be 8 was r 
. . . 1," : an 1 - r Ge Ur rae CeOue ann ay ere th ose " ' = May Ps itd - ay ¥ 1 Pay 
1 ' oe ae F \" oS denne en ahatee Pee or ia angatiy ae aa He ge es se teins es H or he nats pee ie bat serarrs at Uys 
1 ' ' 4 ’ . . > ep. + Ps f A 5 
* ae a¢ ? a 4 A ’ ’ 1 eet OL eon tite i cree fe ts i. 4etene a “3 ye in api sii tay, it o 7. segue et “i ity aid ane Sade is pts thee 1ihfes 8s ieee diag ce ¢ tiene Ate Ay 
Ber wearers ay Ctr re (,° tetas V8! ft otaterhed ate eee he Rees Cty: tt (Bintae rt tae 
4 -) 4 ca) so, 8 ‘ Gr e sane iy J ors Lae ee w* in ots OM egtig id ae "nF Xrg i ra i Hb} * ’ fod iisen' Ve ohh iat. > Aint Aq 
1 ' 181.3 Lend Tat fet Byed ' ft : ’ 2 med om 1 tf he ben, “ys st ot tay Oh fiudads 4 
on : a) oe. i ai OOF " en ’, \ met, toe) Fit Hepcrtr yes hare} yc A ‘ rey Has ie oth Me eS we a ee weed hee bata feng 4 
: ' ee Nea amalnmae ts ray a Sate ed NY ets ie 4 Us} h ait fae ae Ye tad 3 ich ae nies VE sie pe Eee aes a 8 oft 
. " Fy ’ erg a 4 Ae at “a ge oe aay a ff that brelas * tale tat Val ayy . {oh ns Avvstg 
: ' aie 54 {y5 abe pi iem oe teat Ue we agki yp 2 Poe iy Stab by oy wags EM 4a? - By fol “fee 
: ‘i ’ Lan oe he lace Lge dae vai? ze : ‘age su a whe fo Sunt pes & “ee ae er rat if ¥ Npabe " iz ea in? As Bene ba 
‘ a 7 8 Caen ot V ne on ane oe y oN ais ei “ {¥, 4% att, i" ehhh oye = tier te i" es Pit Pa 
- . ' sf, ‘ Seat ps le! "ls ao8, ’ ey bat eed) a at ; ie? 
6 : Rest *, sat ‘n hat ve rg as piek vi nates Med ote * rie ee ae 
' ' 3 <a Are tere } ey ar 4 5 doe t ri er f 
a . . a tate, 4 é h Benet Mite eh? Bye cea ri Ui ett 
: m4 berec Mt ‘ 8) Hl Bt 
ee ‘ Wwe ee Pen ai 
r . pie oer 1 ’ Or ' fed ¢ ct: Be of on mat aS 
o rans toy Ft ben, 4 ote ti a Fy doo ty. HAN deg ne t ks So ag 
a ae ' eee o1 aes Les ee HA i : IND we Bue esse: ats arty ie ish; ee 
oS CO ee eee aent . - a é ; 4 ai rf af Hy 
- on F ' Lite ri Sats os ‘ oe Se + ; - ta! " Vin eA My Fy taatas o7 a ee ont Mad (oe 8 oe Be 
‘ i Soa . SaP eS aaa ne a Yi “sg wt otiey { ; ues (ving RV eet ‘ 1 id Potat tir A Tota Patjep) be ve hee ra ese gill : 
' ' ra ue iets Sere ae my Re *he adie : : TORE tay Pay het, One Oty fe: ae ek. Eylataghn® 
J oe ‘ me 5 ast CU acne R, f hes | 3 of rb ¢ nes 
qe ees , ‘e vals an aa a aan si! sche ake Panay cit fe aah ee 
. 1 2? an e fot ‘ 
: aes cae Chas res ’ ; Pet es 
. * ' ac tte sin 4 "a? ae mf gy. ! 
’ » De Guest : rej ta?" 2b SPE i 
‘6 ts : one a pai tt ne - Oo vA : zi yfs aay! ae ue le as eae: 
We oo eee, rs: se eae Nari itee NY niet eae 
: H tote iat Lelia Pt lL f= ; tis ent £2 ha the 4 
. . : SHALE ¢ rat wet he) Hy Io. 
; sone Sea a 07 it Hag NOTE ot wt Rahe (i 
: : ae ao ote, . Fee ES us : gh 
ce My a, aa eae: ee at ete IN ees oF Bila sds rete 
. ‘ eae “gPe ef g ‘ wey SSS { OP a a nt Erte 4t¢, Rae - 
r a A Rare. € AY 
a . a ’ Lal) es ee bs e® 4 e . ty } etc thes,” rit Os ate h.t ada, Pie Bete fy ates sess . 
1 . ‘ i oo8 i >? Pal ee . La a f ia % We LN EY i ¢ tee ri f er waded (tis Gare 
"ay cat; aes ae Parents « eRe Mott eat nE SN] gee: Rae Mg a we ers eens os Sete i 
oe < eevegisl «tye d 4 ef gett dt 3 sedans fapaels EAs I GS fbi! sei MOU Lite Paden: : i fee > "ey" pe ae gee . 
=o is oe oi eens ieee Mh Signy BEN “4! Hh’. wel aa ea RY pert tit “at Mi visti a erg ey ite ht beg nat Btoa it af, Hae ae oe fe as “44 eet 
: Tea : Sit a Acree Hoe gy bea # yt tqehiats ; mere at bal age, sh ote EH OR OI ARS ‘ fee. KG OES re, Ne ae 5 Bey i wee se 
: ' : . : *g.e0e08 att yore Cates eB oe , see Pagan " 3 yet " betes Ee oh ene. hae yabes # one aos as ate sin! Pups, if mrUtgek tee nee oe id 12" a: 
era {Hie seaeeetstoe ye tre ON eA ll geet ts : 3 tei onde thes CRU SS tite ea ag ap RA eypgeit Pea pate sng Re BS aye 
il we i ' . tt. e ‘ .,. "a0 v . ‘a! ys iy oe re . H ; Art .% ‘ ai + sfp eid. fire? ' 3) ieee ie cea ardres 44 ? grits a Arh 
Pate Meee i ee Wee ng ey ede Ab veatnt As AE Co} arf ies Senha) se EGE Ah Wee rag M3, ae eh me i ae Gia 
U foe s arid vee tq, ,! ee ‘aa %! . {, ‘ } ‘ ie . RAR ees ane Uy: ° iF staieyy ry i rat it Dale eet 
' sae te = . . are 44% e.8 ‘ thay bre ° ad AA #R PLAN vat wR yd ii fa.42ey° ¢ % «fale &, ae 3; f Rag ae 
P an ; oe ae ae, - A es wares rata Fol rset st cape ! a ee Pagtee me: a Loe ebb, f anced ala fis its es Sanne ae 
é . . ‘ te PAU . ALS AEA hen teh te! ~ # : in i Hea ods 
binge SAE arth tai c ; ee ; H pid arte fet vital se xv? aries ; 
eT eae Bis Aes Petite Te ane eau Be YN as mtita: Chine ater hi Gantt Pie fe eee ‘ 
‘ : . . . ' at q 3 ° x . . at i iy 7 
vs a Re . i ut “! a Le Ay | 3 : ‘: pee , Rene an? ty ay a id lace ba ey y Kattated Lage a Veatnneeelh re ; at pie, ‘ 
: F ; . . aan athe mR eOriL " ’ AS tees cre ) ° he o ene g yy a gah 9% Das} Phy * RFA se ie rally Ny ee 
' .¢ heat reste eer tae aSS or Pde ea as fate” & tay huts doasd. 3D we + Ebel! PGS gaits: 5 oi oats aa Ss 
' 3 ; ¥ . - Osta . % , #. ec Pe i © fut al tet o fr: i AL oY J aeuse »! we i F pratt? ut Ay , Oe eNOS ‘t 534) 
>> Pit Fi wal : ear ery rie ’ ae aris “ye Pine Charter ay art Wn ht tee cf ee ws sare . ; ip cf e Ra a. we ois Pees SKS ae iho te ae fyi Pikes 
. HMM aeg sete 64 fais Due eats pete oneele ee He Meche ‘Potyit 2a tase 8 teeth F Met’: ring ay } ti She pean ret a a ie ie ba! 
je ? ot . * a: 1 » oye 4 Pure’ - 4 F + Ss “4 i . ont : a o * y 
a c= aie etme Seca Oe Sea beer at t t, fies ee ey bet Begs gtt Hye Ge PCy ats ee as a 
‘6 » Cre en ot Oe ’ > biped i Ueirals Fess ; ei eee. 4 2% is 1, Ses hate } “at a Pats | a Cente bry ‘ 
a A 1 At EG tte lak Eh Ee iy ieee ace gee oo ve = 
LD ' Dae oo < » ne F fet, o® Hote *.d. 8 gd etis nht ts 4 aT LY Lo 0,4 ney . {*f 
: rein ttaat yes Pata, Lived =) ah LR Ser i, es eas 
» ; ’ : ‘ Caettory A 4 ey ay ies ef Weg edetyar = Laagityhgte eT : Py ais in (js Bie ra aes 
' . ' ee mas te sui : rie afl try ang Me: ayer ate Pua et, wee. . fs" ‘OF ine f “tty fe oat aie 
1" aa ed a 8 Cry i %, ap he - Pea ‘ 4 bid aa 4 YT ae at tas tb Hon Vo See st orf oats 2 pee Arad Dek af ait oN 
' ae ee ste oye are i eke . st fe 4 Me te: ey syne art eee Re, yay ee { iv afs . é abe 
i ' mee Let oo Oats ec ieee " {fe sy me fy mi kicd ee iF: Wapetgey, as fot ‘ hears oe 
4 < ; . - Che . 6 «.* A 2 ?” Pech] ee 16 «4 ea PPh ei 4 F BAe 3 (sue ee ie Yhant y.. os rans Se ¥ Fees 
me ‘ F t Meroe ar ; ut a) ee ie. re ae > oop am +} % oe te oe talent auran con ’ cat a4; Radi’ Yin? Dea My) oteee os Sye7 dass 2 erie 
: e 4 . ate ‘ ; $ Onlel, 3 5 Sa rele ’ at Ci : Hae 1009 06280, Neate s cin Ne “f * Pb. ML! 1% a “w i ie wy Re se Ae 
‘ i e . 2 ot Reng te * mtg a 1 ft of 4,8 nam daly Ne, r ts aay Leeroy ja eres HPAL HS 
: ; 2 f Bi tee es ane ts We ire ie wt oN “Cal ys {lel 4 ca a Pie i mateo ders ye of eehoaea'y see Paat ait) Py eld Aen 
‘ » e. ars ; ® ae : v ‘8 a be é : Y aa 7 is Fi ees venn a. ah eins D rt §.¢. fy a Fie. f ‘ pate dbe dea ce agen m Ate A - ie ee | a iy, Uy eid, jclapeatterd we A be Nee Se, sate 
ea ’ . ' . Le . a aye 74% nals Meta hy ous qi. Td o ty * a oh Maat? fi? ‘ Je “sig gd. tthe Reh eps 
e ', te bot « . f “a cee) ¢ ‘eae aed a ahd Ohne y a t #a t at rit ‘€] oa 3 0 tas age, AZ? “As ae aene Hi Pi “4% Prete | 4 
; : ier 2 iam ean eee ate AL tbe. aeacaue yn, # bofe ye “ ME ape Tsong f bitte aft 3G t en neds et a <i three ts 5 pee ft pide < don y Say 
. z e yfe ?. . foot, - ty 26% ne i * 8 ) uaa uv i Ms, . dns sh re tae 19 stigalt ¥ Aion. 4 oy) 
a ee ore ; c es sp a Py Men oat pote fe Pas AOE tf nee oe t, a ¥ addtt ‘ eee ee Ane aR SA Sid i nye a Cyt Nhe gare 4) a pists os 
ae ime aft ta na tg rrr ry alee mars Pile or aa ai ct sas 1a! tte tal Ala ta oty defers oy can} -. a i [opts 2, Re fs 43 ea eras ~~ sy Tegat Nps Ante 
woot Sate iri ir ae phe gaesea s $ Pipl ho hati bitte AGL Gat Te Oth fee eee Smad Tang, achat 
ace - Aerie i * ' Ley F . ’ rr fie 42, ry tye? wy seed oh ’ uti bow. oi URE Re peneaas tovheyice feasted % . ~ 
pom Paar) sei Fg Pehahige sf Noth dg es Te ty ober iiss ‘ te 
ae - i da shoves 3A) see RPA AI a ? Mirna ony tt Weal br ons 
Ae ara Roe at Boat BaP saly <i ses ie Rio ier Staats ? pag 
° ¢ ee oe ; pitiieaaes i nisl: aia os eo gait Ry tt ee ane bebe Tet a 
» ot ot ad rir fi 
y oe aN urediet cae 4c aus poy a4 oe tet htgntt aby inp s si yer Ae AF att ee Copa 4s es 
: fhe ae ayy! We Yes 4 Hye wey ie #8 ait Re a ae eke asa vs mae re : 
ne tA Gt S 4G st. y aD J 
Fy itt ” sindg . respon’ ia ‘d Ay y ty. aOR pe Th yagcomt oe le West ants vas ite eat rr ASCE Hip 
vant Le Pa? st OB Pepyres eee ei ike Adar Aaaty e sae * x % e Bates tory iv) © 
hy aed “ut inrty? ; f a wre sit? ‘ ape SS pfntieee Di a aii! ite = rasan geri 
e > on ‘ F . “eed 
) Apes 1 ee LBiieand kegs Sy eerie FPA nem AY Brae 
we Ft a ee , HAS? sane ors arPiy 5 te hacer <i ite Nee sean Glenn : recess Sent 
. ‘ f ‘ a'ade gis” 8 wagered pe ' Be: 3 ce Z ei Poh aE yeast $; ’ 
' x é MN af i G6 dabet pe ‘4 = AS « Ser TEES nat “yo iY" A <p #9) 
. ’ ‘ Sr ' "a alt me v é * fh UF av, , UP A ae I Tod ye fae g +A Me Be on rt ae ane fer % aS 
Ue as ‘2 ! ost aye tats “adP eat wh Lite “hae Bick ae fhe HG ri err es ieee est “Né 
vate Paern yas dl “ARE re ny Zyis HATE : ats 8 Be ot tye 2 nites ety eget PYRE re sie 
ptt tee day a a ¥ bj ~ ; a te Lr) ith ee an Al, f feats | 4's i Le slty ht ate ij bd, bese ae, feat 1 mee ; we ‘i; 
: oie te TO pe eis. es ct ay he <4eys * Are Pyt JB e | a ay ce dcp o Tee 
i + ae o vam ' rn ieee ia ler 7 ed Gute ae a”. 0%, hee #6 A Hen te peek aia ae feats ae WEEN 
Z as . reel a4 rate is Ets Sad a nm “ se a e é ocr bets ‘ ne ise H \ fhe cas ie ted. ak Wy : “i rae ar Ya as “st ie se! Spr teateue 
; < P a. 5 y 3 2 Us On f& be) , (Fa He Dee i ry tas Pe, 
' ey ran) LT ne ds mh, s : $ a : nats as ( A sane i aig’ rae ¥ te! " sin v8) ot, see Kp Mats ot de al ’ Py ae 1 Aye ar i yt € Bee iui aireareas ane 
‘ ’ fig ae 4 cy e s ‘ . ar) a be ane re mates ‘Geen i x 7 he ww . RY aN. 
‘ae ee. ‘ ets : A , eae Pa oman’ vis neg gee OG, - th mrs} h! yi 3 iLfea e von? fa rs 
< ts as see 1 r her ¢ e fe foe od Kou t ite ' Re q. OR i +3 Gane: fy fon air ett : 
amis 'e te, i els ". 4 ’ : Aas fae Be Te Slat reeyy is £96) 
' os ° es j ’ ie en (tied top Foy me aay, ‘ awe f Vy ’ he ova <4 fiers yes 
sass eae nes * +e Pea Hie ‘ feat ; fe Semin 4 o ole | / : me : re mats ol gate Re Fa oe ‘i nae i sarees Weaere 
aes al si es as Ag ‘ ee ie et alas 5 Ps ect Cy { dt 4 “pat 4a es sh se seat ss Duy 
' veces ’ ' a - eee ee P . tone as as Pattee - ee of "1 v vay Aras Pa ¢ regithet tay sea Heys og PF Abe " Fey ae Ss oy ee 1 acai 
. ge Atte e or ime 2 He eer a ie m7 byte Ri ay ope re £ pe a } Sear he 3 pr he ' ve ' iw , Ae an 3 ¥ ‘ Mra by ¢ kee ces outs ae ie ble 
‘ ' oe UP at par tS ere ie val \ “EET i “A a Toes mie re eee tal ae, a hohe +) a ie ace’ Erte rh ts as sity ete NTS oie 
ae an 2 ae aoe : . pie a wae eck 2 toh ear a Se “i lt . ir, “4 Mizt!, y ae Pine A. elie eae ee rere PERM ited 
nafne ae . © ’ ef, - on’, ee f ! 2% ' Pe 
Cae r) apes ; ¢ A vie 1 " a oa 4‘ in sn Pee, Mer ara ues a t. ? 7 » a 4 ee rs tetas , me a id Py aes ty the 4 Ne Be Ry, ae pana ha 2 epee pany Le sieie 
ee a As tgees 13 > a eE de, te , ote ay , th? #03 ras AY * rn A se use tty 9 “ate feta Bete 5 H hE aes 
7 e: cat i ae os ee irl Oe tapi t a a eal oe ee ote yeaa ell ate Sih, ees $i i jay yrs 
es . cs »? Cay sf 7 vote ° a 4; B! ea « te 5@. Are ¢ F “Mp4 vty >" ey, ra 4 She. of wt Cie e\pree : hens As lh bat ra Fe te 
, . : A Be ? z ee ; =) ° Oe ean ac { ‘ ar} “e Bear vd te teh 3 ’ % 4 Fis yx in a> a ét. Steve a es itayte's ‘sa ayy ase yt git tases ao pa elke ty oe 
te! U . te ‘ vee ws & yt gd Can ch One, ‘ . dong Ks Ped i. 5¥, ¢ “ Ca raK it oh ities ej fy fed 
. A . > ’ Jee . te. 2 Oe Saath 1y Ae ¢ ss Cr ae "he 4 ek Y e 4 eke oft 8 of en tt fr , Pet y > Sh 
‘ « i . fe : a ; J Oe »: he } 4 : $4 ee ‘te hd ot 1.7 f ae £ A a 2 983! " Rey Jears as 1 we my ‘, stents oh eat gow RR vitae eo niet ike 
, . ry . * is m5 *. ieee 1, tf YR ye a Ar $ ous Y ry ’ % Y ne 4 eos ven 25 * bats ree im) if zyrjuirs a8 99st re 
i Bas 4 AN ; 3g ; 5 f sete % 
: 4 te he ser ee tes de av earn te’ ys La iad f 3 bayer Tae CMA Sitige eat win Et Hi 
. la as yarn a t es mre a? ’ a) abetatl: i i ee ae vax nh eee es Ata eat sei “ota! 
. F ¢ F ° : Beg te : > cD 4 ah ch coal 4 i We 4 oy Ppt Semis 
* Pe are B a - ar TE oer S 7 rab § BA oe fore: Tal 
"nee . a ; 3) 3 es : ; 7 aR i gf sis Lai ae 4 e Bae ee Reels 
. rd y hs " 
' : ceos ‘ a ae ie = Pee phe tip coh 3 Uiaeth Rabe a ‘i oye I oes : 
’ Cat] ie F ; 1 ae 3 aie ‘ titi yes ae " aie ray ad nets Serie 
+ ae: Ae 94 a: 1 ES Shs Re AANA oor oS 
mar e - 3 3 adeps Set wel f b 
: ‘ eae a ae of ttyt [ a ier Sadteepalte Wt S98F ad Peat bbs 
. . Bo 6 * 7% ma v 4 * 309s, 4 Be > aD 
5 “e . Lee e i 1 ‘, A, it, t pi is ee uf 0% @ oe See tt ca) a4 of 
nh ae ; , : vig No : ‘ ret Ei 
4 sochelies hier! : ; : ‘ S £, : oy Gs aw Helene se Ee af Pas ae 6 "Sd eee Pas 
sds 7 os ‘ i 7 , ? Q ’ 7 ¥* peer a Ie to pial} by = a} AD} 49,0" : 
' . . ; Sm vee au hs J ytnn | 95's oo eae nee: v5 MG ae, ce $ 
: ; ohm A Pe ' ; Ms = tA 12) a ADH oc SAN 4 4p wet i cra 
NE ‘ oer a ¥ : A ‘shag ee Yrs hays My eat ree aps ey hy ie fa 
’ a. = es Ce J ‘ F Bais, Ags 42 Pa Poe a 
s : . LU " ye Eaztl a <5 % , “RT 907 
¢ ce . * AD =f ‘ 
pean OF. AC Naas : SIRs ys eee, 
e : ‘ mG 
e : my : : 
°. ' 
. A . . 4 
Shere a 2 
YS + 
. . , L e 
: to. ° 
- s 4 . 
e , . e , 
e 

















NAVAL POSTGRADUATE SCHOOL 
Monterey, California 





THESIS 


AN ENGINEERING STUDY OF ALTITUDE 
DETERMINATION DEFICIENCIES OF THE SERVICE 
AIRCRAFT INSTRUMENTATION PACKAGE (SAIP) 


by 


Steven R. Eastburg 


December, 1991 


Thesis Advisor: O. Biblarz 
Second Reader: E. L. Pagenkopf 





Approved for public release; distribution is unlimited. 


1249503 








CURITY CLASSIFICATION OF THIS PAGE 


Form Approved 
REPORT DOCUMENTATION PAGE BR Age aa 


» REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS 
UNCLASSIFIED 


9 SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION /AVAILABILITY OF REPORT 


Approved for public release; 
Giestributwvon is unlimited. 


> DECLASSIFICATION /DOWNGRADING SCHEDULE 


PEPT s+RMING ORGANIZATION REPORT NUMBER(S) 9. MONITORING ORGANIZATION REPORT NUMBER(S) 





. NAIVIE OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 


Naval Postgraduate Schoql hl Saba 


7a. NAME OF MONITORING ORGANIZATION 
Naval Postgraduate School 


. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code) 


Monterey, CA 93943-5000 Monterey, CA 93943-5000 


: NAME OF FUNDING/ SPONSORING 


Test Center 5333 
_ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS 


PROGRAM PROJECT TASK WORK UNIT 
NO NO ACCESSION NO. 
_ TITLE (Include Security Classification) 


ELEMENT NO 
mi ENGINEERING STUDY OF ALTITUDE DETERMINATION DEFICIENCIES OF THE 
SERVICE AIRCRAFT INSTRUMENTATION PACKAGE (SAIP) 


SEO he stburg 


3. TYPE OF REPORT 13b TIME COVERED 14. DATE OF %EPORT (Year, Month, Day) [15 PAGE COUNT 
AeE Deaqree Thesig FROM. TO. 1991 December 125 


SUPPLEMENTARY NOTATION ; 
€ views expressed in this thesis are those of the author and do not re- 


flect the official policy of the Department of Defense or U.S. Government 


COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number) 


FIELD Pitot-static, Static Pressure Measurement, Service 
po aircraft Instrumentation Package 
— | LhLCLC 


ABSTRACT (Continue on reverse if necessary and identify by block number) 

Altitude determination errors of the U.S. Navy’s Service Aircraft Instrumentation 
Package (SAIP), an airborne positioning pod, were examined in a multifaceted study 
involving in-flight evaluations, wind tunnel testing and pressure sensitivity 
experiments. The original objectives of the research related to identifying 
aerodynamic sources of pod static pressure inaccuracies and recommending specific 
remedies to alleviate these errors. After an extensive evaluation, results revealed 
that the problem exists not in the aerodynamic measurement performance of the probe, 
but in the electronic circuitry residing within the Air Data Unit (ADU). The ADU 
houses multiple pressure transducers, each associated with different static and dynamic 
pressure ports, ina single module. This circuit configuration leads to electrical 
interference and an attendant degradation of the static pressure output voltage. 
Accurate static pressure voltages, which can be subsequently converted into appropriate 
SAIP barometric altitudes, are obtained by electrically isolating the three ADU dynamic 
pressure transducers from the single operative static pressure transducer and remaining 
ADU circuitry. 


DISTRIBUTION /AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION 

SJ UNCLASSIFIED/UNLIMITEOD [J SAME AS RPT CZ) ptic USERS 
NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area Code) 
Ae es 


Form 1473, JUN 86 Previous editions are obsolete. ___ SECURITY CLASSIFICATION OF THIS PAGE 
| S/N 0102-LF-014-6603 
a 


Bb OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 














Pt. Mugu, CA 93042-5000 









Approved for public release; distribution is unlimited. 


AN ENGINEERING STUDY OF ALTITUDE 
DETERMINATION DEFICIENCIES OF THE SERVICE 
AIRCRAFT INSTRUMENTATION PACKAGE (SAIP) 


by 
Steven R. Eastburg 
Lieutenant, United States Navy 
B.S., United States Naval Academy, 1981 
M.S., University of Southern California, 1988 
M.S., Naval Postgraduate School, 1990 


Submitted in December 1990 in partial fulfillment 


of the requirements for the degree of 
AERONAUTICAL ENGINEER 


from the 


ABSTRACT 


Altitude determination errors of the U.S. Navy’s Service Aircraft 
Instrumentation Package (SAIP), an airborne positioning pod, were examined 
in a multifaceted study involving in-flight evaluations, wind tunnel testing and 
pressure sensitivity experiments. The original objectives of the research 
related to identifying aerodynamic sources of pod static pressure inaccuracies 
and recommending specific remedies to alleviate these errors. 

After an extensive evaluation, results revealed that the problem exists 
not in the aerodynamic measurement performance of the probe, but in the 
electronic circuitry residing within the Air Data Unit (ADU). The ADU houses 
multiple pressure transducers, each associated with different static and 
dynamic pressure ports, in a single module. This circuit configuration leads 
to electrical interference and an attendant degradation of the static pressure 
output voltage. Accurate static pressure voltages, which can be subsequently 
converted into appropriate SAIP barometric altitudes, are obtained by 
electrically isolating the three ADU dynamic pressure transducers from the 


single operative static pressure transducer and remaining ADU circuitry. 


lil 


— , 
aa “wg 
= 
f 
{ 
a 


I. INTRODUCTION pips so cuecueeeeie ss ce 1 
A. BACKGROUND icc 1 

1. System Description .. 235)... ee 1 

2.. System Performance ..j.4,97. 2" ee 3 

B. THESIS PURPOSE .. . 2233 oe ee 5 

TT, THEORY ooo coe serene ee 6 
A. AERODYNAMIC SOURCES OF ERROR ................ 6 

B. INCOMPRESSIBLE FLOW AROUND A CYLINDER ....... 6 

C. REAL FLOW AROUND A CIRCULAR CYLINDER ......... 7 

D. COMPRESSIBLE FLOW AROUND A CYLINDER ......... 9 

E. IDEALIZED PRESSURE DISTRIBUTION ............... 12 

TTT. FLIGHT TEST ANALYSIS sce 17 
A. FLIGHT TEST OBJECTIVES AND PROCEDURE ......... 17 

1. Objectives ... ...dnieee ee ee 17 

2. Procedure... .. 2.2 = 5 fee. en ee 17 

B. DATA ANALYSIS PROCEDURE ...................... 20 


1V 


WWeeUAmWUUGCIAUIORNND Gs es tc te tt tt he ee 20 

2. WAM AMM TOpram! -- see ek kt et ee ee 21 

3. Altitude Error Velocity Dependence .................. 21 

ls J TEINS IS» eee aod cara aa Pas | 

pe AORrOgramy oe. te 24 

C. DATA ANALYSIS RESULTS ......................00.% 25 
IPLALIStICANPAIVOIYSIS “Gos. ee ee ees ok te et te ee 25 

Yo, \opeeyolen (oll yi vl 6c) th 28 

3. Altitude Error Velocity Dependence .................. 28 

4. Altitude Error Density Dependence .................. 45 

IV. WIND TUNNEL APPARATUS AND PROCEDURES ........... 47 
oe UND TUININEID APPARATUS ..... 00... 0.0 ec eee 47 
JL, WeVotage | 2 bron t=) 5 ete co Suen me uur 47 

2. Service Aircraft Instrumentation Package (SAIP)........ 50 

Bly GRE Azl «5 6 5 Cad Goon: ope nS 50 

b. Nose Cone Assembly ............. 2.0.0 cee eee 51 

c. Airflow Sensor Assembly ................02 22 eee 51 
GmeoueWataeenit (AUR ee ee te 54 

Cro MMO ID naAtLOMMMMEIE TT Se 56 

3. Nose Cone Assembly (NCA) Mounting Assembly ......... 58 
PMSA AION ts emma ee ke ke ee 61 


B. WIND TUNNEL PROCEDURES ....................... 
1. Initial Positioning and Operation .................... 
2. Reconfiguration vyssee ee 
C. WIND TUNNEL RESULTS. ....:.:. 2.) 3 ee 
1. Aerodynamic Performance ................000 00 cues 
2. Temperature Variation . . .722).se-neee ee ee 


3. Wind Tunnel Configuration ................20000005 


V. ADU PRESSURE SENSITIVITY ANALYSIS ................. 
A. ANALYSIS OBJECTIVE... axe | ee 

B. ANALYSIS PROCEDURE .........5432...- 0555.2) 

1. System, Test....44 .as.sne82eeoeeoe eee 

2. Component Test .....52245.25...... pee eee 

C. ANALYSIS RESULTS ............. » ee 

1. System, Test vopicusesuswencemreneseanree ioe ee 


2. Component Test ...............2.+ = ee eee 


b. Flow Velocity Effects--Baseline NCA ............... 18 


c. Flow Velocity Effects--Modified NCA ............... 79 

yo Nalisvoyal (bebo eve) Mav ekoh BV UEC) 5 5 a 19 

a. Dynamic Pressure Isolation Tests ................. 719 

b. Flow Velocity Effects--Baseline NCA ............... 81 

c. Flow Velocity Effects--Modified NCA ............... 83 

C. ADU TRANSDUCER ISOLATION ANALYSIS ............ 86 
WPATIANy SIS ETOCCGUrCM 65 ee ee tt ees 86 
Zeowmalysis Regults 2... Wt ee 87 

VII. CONCLUSIONS AND RECOMMENDATIONS ............... 90 
ee DINE SCI ee ee eee ee ee eee ee 90 

Emer OMMENDATIONS «2.6. 2k ee ee eee 91 
APPENDIX A. PRESSURE CALCULATION PROGRAM ........... 93 
APPENDIX B. DATASTAT PROGRAM ................2. 00200. 94 
APPENDIX C. DATAFIT PROGRAM ....................2 2000 96 
APPENDIX D. DATASTAT AND DATAFIT INPUT DATA .......... 98 
APPENDIX E. NCA WIND TUNNEL TEST DATA ................ 102 
APPENDIX F. DYNAMIC PRESSURE ISOLATION TEST DATA ....103 


APPENDIX G. ADU TRANSDUCER ISOLATION ANALYSIS DATA .. 104 


LIST OF REFERENCES ..... 


INITIAL DISTRIBUTION LIST 


oe. Xen Seb eeu ool Our on 6 Cre Oe) ee 16 60) 6 ee eee 2) 6 ee" 6 er 


CO Oi OL) OOOO 6 Oe 6) ce 206 OO) ea Ose ee 6S 8 Ce ee 


vill 


Table 1. 


Table 2. 


Table 3. 


Table 4. 


LIST OF TABLES 


Page 


Statistical Measures of SAIP Performance; Run #2, 4,000 feet, 
Centerline fuel tank installed .....................0000- 25 


Statistical Measures of SAIP Performance; Run #3, 10,000 feet, 
Centerline fuel tank installed.......................0.4. 26 


Statistical Measures of SAIP Performance; Run #4, 4,000 feet, 
Centerline fuel tank removed.................. 000 ce eee 26 


Statistical Measures of SAIP Performance; Run #5, 10,000 feet, 
Centerline fuel tank removed................00 000 cece Pag 


Figure 1. 
Figure 2. 


Figure 3. 


Figure 4. 


Figure 5. 


Figure 6. 
Figure 7. 
Figure 8. 


Figure 9. 


Figure 10. 
Figure 11. 
Figure 12. 
Figure 13. 
Figure 14. 
Figure 15. 
Figure 16. 


Figure 17. 


LIST OF FIGURES 


Page 
Service Aircraft Instrumentation Package (SAIP).......... 2 
Uniform Flow Over a Circular Cylinder ................ 7 
C, Distribution at Circular Cylinder Surface (inviscid, 
incompressible flow) .... 077. “See. 72 a ee ee 8 


Pressure Distribution Over a Circular Cylinder as a Function 


of Reynolds Number ..... 5) (9). 98... 8 
Configuration For Compressible Flow Over a Circular 

Cylinder .......0.5... . . een ee 9 
P/P., Distribution at Circular Cylinder Surface; M.=.20..... 13 
C, Distribution at Circular Cylinder Surface; M_=.20....... 14 
P/P,, Distribution at Circular Cylinder Surface; M.=.80..... 15 
C, Distribution at Circular Cylinder Surface; M_=.80....... 16 
A-6E Wing Station Configuration................0000% 19 
Reported Altitude vs. Run Time (Run #2)............... 29 
Reported Altitude vs. Run Time (Run #3)............... 30 
Reported Altitude vs. Run Time (Run #4)............... 31 
Reported Altitude vs. Run Time (Run #5)............... 32 


Reported Altitude vs. Aircraft Speed (Run #2: Acceleration). 33 
Reported Altitude vs. Aircraft Speed (Run #2: Deceleration). 34 


Reported Altitude vs. Aircraft Speed (Run #3: Acceleration). 35 


Figure 18. 
Figure 19. 
Figure 20. 
Figure 21. 
Figure 22. 
Figure 23. 
Figure 24. 
Figure 25. 
Figure 26. 
Figure 27. 
Figure 28. 
Figure 29. 
Figure 30. 
Figure 31. 
Figure 32. 
Figure 33. 
Figure 34. 
Figure 35. 
Figure 36. 
Figure 37. 
Figure 38. 


Figure 39. 


Reported Altitude vs. Aircraft Speed (Run #3: Deceleration). 36 
Reported Altitude vs. Aircraft Speed (Run #4: Acceleration). 37 
Reported Altitude vs. Aircraft Speed (Run #4: Deceleration). 38 
Reported Altitude vs. Aircraft Speed (Run #5: Acceleration). 39 
Reported Altitude vs. Aircraft Speed (Run #5: Deceleration). 40 
DATAFIT Output Plot (Run #2)...................05. 4] 
DATAFIT Output Plot (Run #3)...................4.. 42 
DATAFIT Output Plot (Run #4)....................0.5. 43 
DAT Arie Outpur PlotCRun #5)... ee es 44 
Naval Postgraduate School Wind Tunnel............... 48 
Nose Cone Assembly (NCA) ........... 0.02.00 52 
Airflow Sensor Assembly (ASA).............. 0002 eee 53 
ESTRDIC AY (STE a) alae Gln 55 
U-Tube Calibration Manometer...................04. 57 
SAIP Calibration Curves .......... 0.0... cece ee eee 59 
NCA Mounting Assembly (side view)............20.000- 60 
NCA Mounting Assembly (front quarter view) ........... 60 
Fluke Model 8810A Digital Voltmeter ................. 61 
Power Supply Module ......... 0.0.0... 2c cece eee 62 
MKS Baratron Type 223B Differential Pressure Transducer 63 
NCA Wind Tunnel Test Results...................... 66 


System-Level Pressure Sensitivity Analysis (individual port). 72 


Figure 40. 
Figure 41. 
Figure 42. 
Figure 43. 
Figure 44. 


Figure 45. 


System-Level Pressure Sensitivity Analysis (multiple port) .. 74 


ADU Calibration: Curvesiicguee ee 76 
NCA Dynamic Pressure Isolation Test Performance....... 80 
Velocity Dependent Pressure Differential--Baseline NCA... 82 


Velocity Dependent Pressure Differential--Modified NCA... 84 


ADU Transducer Isolation Analysis Results............. 88 


DPU/DIU 
DVM 


EATS 


IRIG 


KIAS 


LIST OF SYMBOLS 


Local speed of sound 

Angle-of-attack 

Air Data Unit 

Airflow Sensor Assembly 
Angle-of-sideslip 

Coefficient of pressure 

Specific heat ratio of gas 

Data Processing Unit/Data Interface Unit 
Digital voltmeter 

Extended Area Tracking System 
Gravitational constant 

Angle of rotation about SAIP longitudinal axis 
Inter-range Instrumentation Group 
Knots indicated air speed 

Local Mach number 

Free-stream Mach number 

Nose Cone Assembly 

Naval Postgraduate School 


Local pressure 


ra 
P3 

P(A1), P(AZ2) 
P(B1), P(B2) 
RB 


PMTC 


SAIP 


NS es See 


Free-stream pressure 

Total pressure 

Differential angle-of-attack pressures 
Differential angle-of-sideslip pressures 
Static pressure 

Pacific Missile Test Center 

Gas density 

Gas constant 

Service Aircraft Instrumentation Package 
Local temperature 

Free-stream temperature 

Measured wind tunnel velocity 

Local velocity 

Free-stream velocity 

Angle of rotation about SAIP vertical axis 


Altitude 


ACKNOWLEDGEMENTS 


The superb assistance and support contributed by a number of key 
individuals were critical elements in making this research possible. My sincere 
gratitude goes to Dr. Oscar Biblarz for sharing from his vast reservoir of 
technical knowledge and insight. While numerous NPS Aero Lab personnel 
played vital roles in facilitating this project, I wish to commend and thank in 
particular Mr. Al McGuire, Mr. Jack King and Mr. John Moulton. My special 
thanks goes to Mr. John Loos, Mr. Guy Cooper and Mr. Bryan Frankhouser 
from PMTC for their significant contributions to this effort. Finally, I am 
deeply indebted to my wife, Cathy, for her many sacrifices, her understanding 


and her unfailing moral support. 





I. INTRODUCTION 


A. BACKGROUND 


1. System Description 

The U.S. Navy’s Service Aircraft Instrumentation Package (SAIP) is 
an airborne positioning pod designed to be carried aboard aircraft being 
tracked within the Extended Area Test System (EATS), a tracking system used 
by the Pacific Missile Test Center (PMTC), Point Mugu, California. EATS is 
intended to be a multilateration system which is capable of providing 
continuous three-dimensional tracking of participating aircraft operating 
within the PMTC test range. 

The SAIP is designed to mount on aircraft equipped with the LATJ- 
7/A (series) launcher or equivalent, and can be attached to aircraft at various 
locations on the fuselage and wings. The pod consists of a five-inch diameter 
stainless steel tube which contains various electronic subassemblies, and a 
fiberglass nose cone which houses the unit’s air-data and antenna subsystems 
(Figure 1). The SAIP is a self-contained subsystem and functions 
independently of indigenous systems aboard the carrier aircraft with the 
exception of the vehicle’s electrical system, which provides 115 VAC and 28 


VDC power to the pod. The pod’s only source of communication with the EATS 
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in which it is employed is through its antenna system which receives and 
transmits RF signals at 141 MHz.[Ref. 1] 

Among the electronics which are contained within the SAIP pod are 
an airflow sensor assembly which is exposed to the oncoming air flow, an air- 
data unit consisting of various pressure transducers, a component for digitizing 
and formatting of data for downlink communication, and an AC/DC power 
supply. Collectively, these electronics enable the tracking system master 
station to obtain range from the SAIP, and static pressure (altitude), air speed, 
attitude and weapons system data from the aircraft. The SAIP is required to 
operate throughout the entire flight envelope of the aircraft, including at both 
subsonic and supersonic airspeeds, in all attitude regimes, and with lift devices 


and landing gear both deployed and retracted. 


2. System Performance 

Altitude data obtained from flight tests of SAIPs have revealed that 
significant deviations from specified altitude accuracies are routinely 
experienced in operating the units. In addressing performance criteria for 
static pressure of the SAIP, the system’s functional specification indicates that 
‘the altitude error in 50 percent of the track updates shall be less than the 
larger of 100 feet or three percent of the participant altitude" (Ref. 1]. In 
comparison, standard military aircraft barometric altimeters typically maintain 


sea-level accuracies on the order of 75 feet [Ref. 2]. 


A number of tests of SAIP units have been conducted specifically to 
evaluate the pods’ altitude accuracy in a dynamic flight environment. One of 
these in-flight evaluations was done at PMTC in May 1989, in which several 
SAIPs attached to A-6E and A-7E aircraft revealed that the barometric 
pressure measuring equipment aboard the units was providing altitude data 
which were grossly in error. In these tests, three aircraft carrying four SAIPs 
evaluated the pods’ altitude accuracy in both low and high speed flight 
regimes. While SAIP altitudes corresponded well with true altitudes while the 
aircraft were stationary, at ground speeds of 150 knots on the takeoff roll, the 
pods reported altitude errors of approximately 146 feet, which is 146% of the 
total EATS altitude error budget. Measurements obtained at an altitude of 
4,000 feet and at flight speeds ranging from 375 to 500 knots resulted in at 
least one SAIP reporting an altitude 420 feet below the known altitude, 
constituting 280% of the EATS altitude budget.[Ref. 3] 

A subsequent flight test to evaluate SAIP altitude accuracy was 
performed at PMTC on 7 September 1989. In these tests, four well-calibrated 
SAIPs carried aboard an A-6E aircraft were used to evaluate SAIP accuracy 
at altitudes of 4,000 and 10,000 feet. During these trials, the aircraft 
commenced its data runs at 250 knots, accelerated to 500 knots, and then 
decelerated to 250 knots. While significant deviations from actual altitudes 
were obtained from the SAIPs at both altitudes and at all airspeeds, it was 


discovered that higher aircraft speeds and elevations substantially aggravated 


errors in the reported SAIP altitudes. Specifically, errors on the order of 500- 
600 feet were experienced at an altitude of 4,000 feet, and errors ranging from 


900-1,000 feet were observed at an aircraft altitude of 10,000 feet.[Ref. 4] 


B. THESIS PURPOSE 


A three-fold purpose of this thesis was envisioned: 


1) To evaluate flight test data of the single static port-type (first-generation) 
SAIP and multiple static port-type (second-generation) SAIP, both of which 
are currently in use, in order to determine the adequacy of these designs to 
meet existing specifications; 


2) To perform tests of the multiple static port-type SAIP at the Naval 
Postgraduate School’s low speed wind tunnel, and to provide an evaluation 
of the potential of this second-generation system to meet specifications based 
on wind tunnel test results; and 


3) To recommend design improvements to the second-generation SAIP 
hardware in an effort to enhance the system’s altitude measurement 
accuracy. 


II. THEORY 


A. AERODYNAMIC SOURCES OF ERROR 

The degree of accuracy which can be obtained in the measurement of 
static pressure using pressure ports in aerodynamic bodies depends upon a 
number of factors, such as the location of the ports on the body, the dimensions 
of the holes and the direction and variation in the flow direction. 
Measurement accuracy can potentially be degraded when the static pressure 
taps are not positioned a distance sufficiently aft of the base of the probe’s 
nose. An accelerating flow in the vicinity of a probe’s nose has the effect of 
reducing the static pressure at a tap in the region, while in areas of the body 
where the flow is stagnating, an increase in static pressure will normally occur 
[Ref. 5]. Aerodynamic flow instabilities, including rotational flow, and effects 
such as compressibility and boundary layer separation can also have a 


deleterious effect upon static pressure measurement accuracy. 


B. INCOMPRESSIBLE FLOW AROUND A CIRCULAR CYLINDER 
The dynamics of air flow impingement upon a circular cylinder has been 
treated extensively in the literature. The flow around such an object serves as 


a basis for the principle of the fixed yaw-probe. This flow situation is shown 


in Figure 2, where the cylinder illustrated is exposed to a uniform flow. In the 


case of inviscid, irrotational and incompressible flow over such a cylinder of 





Figure 2. Uniform Flow Over a 
Circular Cylinder [Ref. 6] 


radius R, it can be routinely shown that the coefficient of pressure at the 


surface of the cylinder, C,, is given by 


= 4sin’0 (1) 


This ideal pressure distribution can be plotted as shown in Figure 3. The 
curve illustrates that C, varies from a value of 1.0 at the stagnation points at 
the leading and trailing edges of the cylinder, to -3.0 at the top and bottom 


points on the cylinder’s surface, where the flow reaches a maximum velocity. 


C. REAL FLOW AROUND A CIRCULAR CYLINDER 
The pressure distribution described by Equation (1) can also be presented 


as a function of @ for various values of Reynolds number, as illustrated in 


— ee- 


Cn 
Top half ol 
cylinder 


Bottom half 
of cylinder 


| Rear half of | Front half | 


cylinder of cylinder 





Figure 3. C, Distribution at Circular Cylinder 
Surface (inviscid, incompressible flow) [Ref. 4] 


Figure 4. It can be seen from the figure that the actual pressure distribution 
in certain regions is significantly different from the results obtained for 


inviscid flow. The subcritical Reynolds number case represents a flow situation 


- Theoretical solution 
Subcritical Reynolds number (1.86 x 10°) 


Supercritical Reynolds number (6.7 x 10°) 





Pressure Distribution Over a Circular Cylinder 


Figure 4. 
as a Function of Reynolds Number [Ref. 7] 


about a cylinder where the forebody boundary layer is laminar, while in the 
supercritical Reynolds number flow, the boundary layer in the cylinder 


transitions to turbulent flow [Ref. 7]. 


D. COMPRESSIBLE FLOW AROUND A CIRCULAR CYLINDER 

A more complete analysis can also be presented for steady, irrotational 
and compressible flow around a circular cylinder. The flow direction in this 
problem, as illustrated in Figure 5, is oriented at an angle 6 on the cylinder 


surface and an angle @ with respect to the cylinder axis. For the compressible 





Figure 5. Configuration For 
Compressible Flow Around a Circular 
Cylinder 


flow situation, it can be shown that the local velocity, V, at the cylinder surface 


is expressed as 


V2 = ve(4sin*psin’6 + cos’) (2) 


From the definition of Mach number, M = V/a, where a is defined as the local 
speed of sound, and from isentropic relations, it is possible to find an 


expression for the local Mach number, M, at the surface of the cylinder: 





. Mn £(o,8) 
ind =1 =I (3) 
far Ma - [CaM £(o,9) 
where f (,6) is defined as 
f(o,8) = 4sin*osin’@ + cos’ (4) 


The ratio between the local pressure at the cylinder surface and the free- 


stream pressure is 
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P 4 (5) 





where y = 1.4 for air [Ref. 8]. The relationships between the pressures in this 
flow condition may also be described in terms of the coefficient of pressure, 


given by 
c= 2 -a}-2, (6) 
Y 


Equations (2), (3), (5) and (6) represent the relations which describe the 
idealized flow of a perfect gas over a circular cylinder, and serve as a 
fundamental basis for the principle of the fixed yaw-probe design. These 
equations, which are valid for both compressible and incompressible flow, fully 
describe the mechanics of a flow field approaching such a probe from any 
direction, as would be expected in the flow about a SAIP pod configured for use 
aboard an aircraft. While the relations also accommodate deviations from the 
true cylindrical geometry which are caused by flow field impingement upon the 
cylinder from varying directions, they only partially represent flow with the 


boundary layer separated. 
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E. IDEALIZED PRESSURE DISTRIBUTION 

A BASIC language computer program written to evaluate Equations (2) 
through (6) for various values of free stream Mach number and different 
impingement angles appears in Appendix A. Plots of the program’s output for 
M,=.20 appear in Figures 6 and 7 and output for M_=.80 is plotted in Figures 
8 and 9. Figures 6 and 8, distributions of p/p, versus impingement angle 8, 
illustrate the sinusoidal nature of the pressure ratio, and reveal that very little 
actual variation in the ratio occurs as the freestream direction changes. 
Enhanced resolution of the variation of pressure is seen in Figures 7 and 9, 
where the pressure coefficient has been plotted as a function of the 
impingement direction 8. It can be seen from the latter two figures that the 
variation of C, is sinusoidal in nature, similar to the results depicted in 
Figure 3. 

Important differences exist between the incompressible and compressible 
flow pressure coefficient variations. While the relative phases of the resultant 
sinusoids in Figures 7 and 9 are identical, the amplitude of the incompressible 
flow pressure coefficient varies from approximately -3.0 to 1.0, while the 
amplitude of the coefficient under conditions of compressible flow takes on 
values ranging from approximately -1.9 to 1.2. The resultant effect of 
compressibility, as depicted in the foregoing figures, is to narrow the 


magnitude of these amplitude differences. 
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Ill. FLIGHT TEST ANALYSIS 


A. FLIGHT TEST OBJECTIVES AND PROCEDURE 


1. Objectives 
The primary flight test to evaluate SAIP airborne altitude 
measurement accuracy was initiated by PMTC personnel and conducted on 7 
September 1989 aboard an A-6E configured to carry four SAIP units. Among 
the objectives of the tests, as promulgated in the published test plan, were the 
following: 


1. To evaluate raw, processed and filtered state output data from SAIP 
units; 


2. To determine altitude errors associated with different wing stations on 
the A-6E aircraft; and 


3. To determine errors in pressure measurements associated with the 
different static port configurations existent in the first- and second- 
generation SAIP pods.[Ref. 9, enclosure (1)] 


2. Procedure 
A total of ten runs of approximately four to five minutes duration 
each were performed during the series of three test flights. Runs were 
performed at 4,000 feet and at 10,000 feet (as determined by the aircraft 


barometric altimeter) in order to obtain data on the influence of altitude upon 
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SAIP accuracy. In order to acquire data on the impact which the presence of 
a centerline fuel tank would have upon SAIP altitude accuracy, the tank was 
removed from the aircraft following the first flight. Two first-generation and 
two second-generation SAIP units were carried on each of the test flights. The 
only difference in the two designs was that the first-generation SAIP 
incorporated a single static pressure port while the second-generation unit was 
equipped with 12 static ports located around the probe’s circumference and 
manifolded into a single static pressure line. A more extensive discussion of 
SAIP design is contained in Section IV.A.2. 

Test runs were initiated in straight and level flight at the assigned 
altitude and at a nominal aircraft speed of 250 knots indicated air speed 
(KIAS) (416.67 ft/sec). During the runs, airspeed was increased to 500 KIAS 
(833.33 ft/sec) and subsequently decreased to 250 KIAS while maintaining a 
constant altitude. Start and stop times of each run were recorded, as were the 
times at which both acceleration and deceleration were commenced and 
terminated. These procedures were followed during each of the runs at the 
two different altitudes. By executing constant altitude runs with varying 
aircraft speed and by also establishing data points were the aircraft was at 
constant velocity at varying altitudes, a possible SAIP altitude error 
dependence upon both velocity and ambient air density could be investigated. 

During each of the maneuvers, SAIP altitude information was relayed 


from the pods’ antenna subsystem to the various ground stations for post- 
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mission evaluation. The EATS’ System Evaluator General Data Tape was used 
to continuously record the test aircraft’s altitude, heading, airspeed and the 
Inter-range Instrumentation Group (IRIG) time. The aircraft instrumentation 
tape recorder (pilot-activated MARS-1414) was used to catalog aircraft 
heading, ground speed (knots), true air speed (knots, Mach number), altitude 
(radar, barometric and "true") and time. 

While a total of ten data gathering runs were conducted during the 
series of three flights, data from only four of the runs were either available or 
were of utility in analyzing SAIP altitude accuracy. The runs which resulted 
in useful data included a test at 4,000 feet and one at 10,000 feet, both with 
a centerline fuel tank installed, and two similar trials at the same altitudes 
with the centerline tank removed. In the runs which were analyzed, the first- 
generation pods were attached to wing stations one and four and the second- 


generation SAIPs were placed on stations two and five. The wing stations and 





Figure 10. A-6E Wing Station Configuration 
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their respective identifications are illustrated in Figure 10. The SAIP pods 
which were used in the tests were configured on the individual wing stations 


as follows: 


e Station 1: SAIP B (first-generation) 

¢ Station 2: SAIP A (second-generation) 
¢ Station 3: Fuel Tank 

¢ Station 4: SAIP D (first-generation) 


¢ Station 5: SAIP C (second-generation) 


B. DATA ANALYSIS PROCEDURE 


1. Data Correlation 
Data obtained during the flight tests by the EATS ground stations, 
which recorded SAIP-telemetered altitude information, and by the aircraft, 
which recorded the actual barometric altitude against which SAIP 
measurement accuracy was compared, were correlated for purposes of analysis 
by the common IRIG time. Data points corresponding to these respective 
altitudes were selected at ten-second intervals for subsequent comparison and 


statistical analysis. 
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2. DATASTAT Program 

To analyze the results of the flight tests, the altitudes reported by the 
aircraft and by each of the four SAIPs at each ten-second interval were input 
to the FORTRAN program DATASTAT (Appendix B), which was written to 
calculate the differences in altitude reported by the aircraft and each 
individual SAIP, and to subsequently determine the mean values and standard 
deviations of these differences. These altitude differences were plotted against 
the relative run time to illustrate the variation in time of the reported position 
differences. The differences were also plotted verses aircraft speed in order to 


establish the variation of SAIP altitude accuracy with velocity. 
3. Altitude Error Velocity Dependence 


a. Analysis 
In the analysis of SAIP altitude error, the pzrameter of primary 
importance 1n judging SAIP performance is the ‘altitude deficit", AZ, which can 
be expressed as the difference in aircraft-reported altitude and SAIP-reported 


altitude 


KZ = aircraft ~ 2SAIP we 
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Since this altitude deficit originates as a pressure deficit, the difference in 


reported altitudes may be described by the hydrostatic equation 


p * Rez oe 


where P = pressure 


g = gravitational constant 
FR = gas constant 


T = temperature 


For small changes in pressure, this may be written as 


AP . _gAZ 9 
Pp RT ia 


Equation (8) yields the following integral, 


P=PfP —— 
7 iy 


o 





(10) 
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where, for the atmosphere, T = T, - BZ 
B = 6.5 °K/km 
= .0019817 °K/ft 


g/RB = 5.26 


Substituting (10) into (9), we get 























We) ea ae AZ (11) 
ivi B 
oa 
dye 
4.26 
- _9Fo |, BZ)" az (12) 
RI 1 
Since BZ/T, < 1, the binomial approximation 
4.26 
cae = 1 - 4,26 PZ (13) 
Oo ae 
may be applied to Equation (12), yielding, 
ane a-a.26 82 AZ (14) 
RT, - 
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Because gP/RT, is a constant, Equation (14) may also be written as a 


proportionality 


AZ (15) 


Oo 


ap «|1-4.26.B2 
T 





For operations under standard conditions, T, may be taken as 288°K. 


Now, since AP = q = .5pV’, then by plotting 


log (16) 








a -$=3602 lar 
Oo 


versus log(V), a slope of the resulting curve of two would reveal the existence 
of a velocity-squared influence on pressure. Accordingly, it would then be 
possible to conclude with a high degree of confidence that dynamic pressure 
impingement on the SAIP pods’ pressure ports is giving rise to erroneous 


altitude determinations. 


6. DATAFIT Program 
The FORTRAN program DATAFIT (Appendix C) was written to 
calculate the above parameters based on input aircraft velocities and 
differences in altitude between the carrier aircraft and the individual SAIP 


units. By subsequently plotting DATAFIT output and lines of constant slope 
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two for each of the four runs, the velocity-squared dependence may be 


investigated. 


C. DATA ANALYSIS RESULTS 


1. Statistical Analysis 
The aircraft- and SAIP-reported altitudes which were input to the 
programs DATASTAT and DATAFIT for runs two through five appear in 
Appendix D. The output of DATASTAT appears in Tables 1 through 4. SAIPs 
A-D were mounted as discussed in Section [II.A.2 and as depicted in Figure 


10. 


TABLE 1. STATISTICAL MEASURES OF SAIP PERFORMANCE; 
RUN #2, 4,000 FEET, CENTERLINE FUEL TANK 
INSTALLED 


SAIP A SAIP B SAIP C SAIP D 


| 623.46 586.79 049.82 


Standard 


Deviation 230.05 254.29 230.80 
(feet) 













213.12 
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TABLE 2. STATISTICAL MEASURES OF SAIP PERFORMANCE; 
RUN #3, 10,000 FEET, CENTERLINE FUEL TANK 







INSTALLED 
Sy 
eee | enemas ie = a 

oe 
963.15 


Value | 974.91 
(feet) | 


Standard 
Deviation 206.89 251.81 Dep rJon 3% 198.58 
(feet) 









‘an 


TABLE 3. STATISTICAL MEASURES OF SAIP PERFORMANCE; 
RUN #4, 4,000 FEET, CENTERLINE FUEL TANK 
REMOVED 










ee a 


626.94 $30.06 604.22 526.56 


226.31 289.61 256.35 228.68 


ee 







Standard 
Deviation 
(feet) 
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TABLE 4. STATISTICAL MEASURES OF SAIP PERFORMANCE; 
RUN #5, 10,000 FEET, CENTERLINE FUEL TANK 
REMOVED 


ee a 


Mean 
Value ; 1006.82 


| (feet) 


Standard 
Deviation 
(feet) 








The above tabulated results reveal no distinct correlation between 
either relative SAIP position on the aircraft, pod design (first- or second- 
generation) or the exstence of a centerline fuel tank upon SAIP altitude 
accuracy. A number of observations can be made, however, based on the 
tabulated results. On the average, SAIP altitude error at 4,000 feet was 
14.35% of the assigned altitude with the fuel tank installed and 14.69% of the 
altitude with the tank removed. At 10,000 feet, SAIP error was 9.47% of the 
assigned altitude with a centerline tank attached and 8.54% with it removed. 
The system’s required altitude accuracy at 4,000 and 10,000 feet, as stipulated 
by the functional specification, is 120 and 300 feet, respectively [Ref. 1]. The 
only significant (and inexplicable) anomaly resulting from the statistical 


analysis was associated with SAIP D (first-generation) performance; during 


27 


run five, this particular pod reported altitudes which, on the average, had 


errors of approximately one-half of those of pods A-C. 


2. Graphical Analysis 

The results of the flight tests which were performed by maintaining 
constant altitude, and hence keeping ambient air density constant, and varying 
the aircraft speed appear in Figures 11 through 14. These plots of aircraft- 
reported and SAIP-reported positions versus relative run time can be 
scrutinized to determined if SAIP altitude accuracy depends upon aircraft 
velocity. Specifically, the data reveal that the greatest SAIP altitude errors 
occurred in the range of highest aircraft velocity (in the middle of each run). 
Figures 15 through 22, plots of the variations of the reported altitudes with 
aircraft speed, clearly illustrate the possible dependence of SAIP altitude error 


upon aircraft velocity. 


3. Altitude Error Velocity Dependence 
Plots of the output of the program DATAFIT appear in Figures 23 
through 26, corresponding to the four runs in which valid data were collected. 
Also depicted in the figures are lines with a constant slope of two. From the 
figures it can be seen that data from two of the four runs (runs #2 and #4) 
manifest a velocity-squared relationship. While not all of the data points are 
corroborative, the figures reveal very significantly that it is highly possible that 


that SAIP altitude error exhibits a velocity-squared dependence. 
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4. Altitude Error Density Dependence 

By correlating the flight test data in such a way that the aircraft 
velocity was held constant while the altitude was varied, an analysis could be 
performed to establish whether a dependence of the SAIP altitude error upon 
surrounding air density existed. This analysis was conducted by comparing 
the altitude deficit between the aircraft and each of the individual SAIPs at 
identical aircraft speeds at both 4,000 and 10,000 feet. Based upon the 
processed data it was determined that a total of three data points existed 
where the aircraft speeds were identical at both altitudes and where data was 
sampled simultaneously. These altitude deficits were then averaged and the 
ratio between these average values, 0.688, was then calculated. 

The investigation of altitude error dependence upon density was 
performed by recognizing that for any such functional relationship to exist, 
since the velocities at the two altitudes are equal, the following relation must 


be satisfied 


Lak, LOO iy 
P2000 - Dg alee) 


Pioo00 (10000) 
E 4.26 Btrecoo) AZ, coco 


oO 


Thus, the right-hand side ratio, 0.688, was compared with the density ratios 


for both a cold and hot atmosphere at the corresponding altitudes, 1.329 and 
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1.185, respectively. Since Equation (17) was not satisfied by the empirical 
data, there is a very low probability that any dependence of SAIP altitude 
error upon ambient air density existed in the flight tests which were 
performed. 

The fact that the density ratio does not represent the error which 
was previously shown to depend somewhat on the square of the velocity casts 
some doubt on the inference that the dynamic pressure of the flow is a 
fundamental source of the observed SAIP altitude error. The basis of the error 
is more likely to be found in another parameter which might also manifest a 


velocity-squared dependence. 
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IV. WIND TUNNEL APPARATUS AND PROCEDURES 


A. WIND TUNNEL APPARATUS 


1. Wind Tunnel 

The SAIP Nose Cone Assembly (NCA) which was to serve as the test 
article for the various engineering analyses performed to identify the source 
of SAIP altitude error was provided by the PMTC Range Development 
Department (Code 3143). Evaluations of NCA S/N 0040, P/N 2111940-001 
were performed in the Naval Postgraduate School low-speed, horizontal-flow, 
wind tunnel illustrated in Figure 27. This single return tunnel is powered by 
a 100-horsepower electric motor coupled to a three-blade variable-pitch fan via 
a four-speed transmission. The tunnel is 64 feet long and ranges from 21.5 to 
25.5 feet wide. To straighten the flow through the tunnel, a set of stator 
blades have been located aft of the fan blades. Additionally, turning vanes 
have been installed at all four corners of the tunnel, and two fine wire mesh 
screens have been positioned upstream of the settling chamber to reduce 
turbulence.[Ref. 10] 

The dimensions of the wind tunnel’s test section are 45 inches by 32 
inches. A reflection plane installed above the base of the test section reduces 
the available height in this section to 28 inches. The tunnel contraction ratio, 


as measured by the area of the settling chamber area divided by the test 
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section area, 1s approximately 10:1. Corner fillets which are located within the 
test section to provide covers over four florescent lights reduce the actual 
section cross-sectional area from 10 ft’ to 8.75 ft”. Similar fillets are installed 
at wall intersections throughout the tunnel to assist in the reduction of 
boundary layer effects. Prevention of reduction in freestream pressure due to 
boundary layer growth within the test section is facilitated by a slight 
divergence of the walls in this area of the tunnel.[Ref. 10] 

A turntable mounted flush with the reflection plane permits operator- 
controlled changes in the test article pitch angle or angle of attack via a 
remotely controlled electric motor installed beneath the tunnel. The test 
section has been designed to operate at atmospheric pressure, and to sustain 
this constant pressure, breather slots are installed around the circumference 
of the tunnel to replenish air lost through leakage. The tunnel was designed 
to generate and maintain flow velocities of up to 290 ft/sec.[Ref. 11] 

A dial thermometer extending into the settling chamber of the tunnel 
is used to measure internal tunnel temperature. Four pressure taps located 
upstream of the test section in the four adjoining walls are used to measure 
tunnel static pressure. Additional pressure taps are located in the settling 
chamber section. The difference between the test section and the settling 
chamber static pressures is used to measure dynamic pressure. This is 
accomplished by manifolding the separate tap pressures at the two tunnel 


locations into two separate lines and then connecting these outputs to a water 
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filled manometer. The tunnel dynamic pressure measured by this manometer 
is displayed in centimeters of water. Equation (18) is used to calculate the 


actual wind tunnel velocity, also known as the tunnel Q.[Ref. 10] 


(2) (2.0475) (P) 14 (18) 
zi (.93) (p) 


where: 
U,, = measured velocity (ft/sec) 
2.0475 = conversion factor from cm H,0O to lb/ft? 
P = manometer reading (cm H,O) 
.93 = Empirical Discharge Coefficient (correction for viscosity) 


o = air density (slugs/ft*) 


2. Service Aircraft Instrumentation Package (SAIP) 


a. General 
The SAIP pod used in the wind tunnel tests was a second- 
generation unit which incorporates hardware improvements designed to 
alleviate the altitude measurement inaccuracies resulting from the first- 


generation pods’ erroneous pressure measurements, as discussed in Section 
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I.A.2. Specifically, the second-generation unit tested was equipped with 12 
static ports, each displaced by 30°, oriented circumferentially about the pod’s 
Airflow Sensor Assembly (ASA), as opposed to the single port which existed in 


the first-generation unit. 


b. Nose Cone Assembly 

The component of the SAIP pod used in the tests, the Nose Cone 
Assembly (NCA) depicted in Figure 28, performs two functions required by the 
SAIP. The first purpose it serves is to support the antenna subsystem which 
includes the matching and hybrid boards and the antenna elements. The 
second function of the NCA, and the one of principal concern in this study, is 
to support the ASA. In the particular configuration which was tested, SAIP 
Configuration 003, the NCA houses, in addition to the antenna subsystem and 
ASA, the Air-Data Unit (ADU), the radar altimeter ballast and the antenna 
filter [Ref. 1]. For the purposes of the NPS wind tunnel tests, the antenna 


subsystem was not installed. 


c. Airflow Sensor Assembly 
The ASA consists of an airflow sensor, air lines and connectors, 
as llustrated in Figure 29. The function of the assembly is to provide to the 
ADU through six pressure lines the static pressure (one line), dynamic 
pressure (one line), differential angle-of-attack pressue (two lines), and 


differential angle-of-sideslip pressure (two lines). The airflow sensor, which 
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is depicted in Figure 30, incorporates in a hemispherical arrangement a 
stagnation pressure port at its forward tip and four ports to measure 
differential angle-of-attack and differential angle-of-sideslip pressures, each 
located at 90°-offset angles (view C-C). Additionally, 12 static ports which are 
used in the measurement of barometric altitude are situated around the pod’s 


circumference 3.5 inches aft of the forward tip. 


d. Air-Data Unit (ADU) 

The function of the ADU is to assimilate the six pressure 
parameters output from the ASA and provide the analog outputs required to 
compute altitude, indicated airspeed, true speed, Mach number, angle-of-attack 
and angle-of-sideshp. On fully operational SAIPs, these analog outputs are 
subsequently supplied to the Data Processing Unit/Data Interface Unit 
(DPU/DIV) for digitizing and formatting for downlink communications [Ref. 1]. 
For the purposes of this study, the ADU was not integrated with the 
DPU/DIU; instead, the outputs of the ADU were coupled directly to 
instrumentation designed to record the various output voltages from the unit, 
as described in Section IV.A.4 below. 

The ADU consists of four capacitive pressure transducers which 
are housed in a single assembly, as well as the associated electronic circuitry 
used for conditioning of the output signals from the transducers prior to their 
digitizing and formatting by the DPU/DIU [Ref. 1]. Static pressure is measured 


by an absolute-type transducer which measures this pressure relative to a 
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vacuum. A single static pressure line extends from the ASA into the static 
pressure coupler on the input side of the ADU. The remaining three 
transducers residing in the ADU, used to determine total, angle-of-attack and 
angle-of-sideslip pressures, are differential capacitive transducers. Pressure 
lines extend from each of the P3 (total pressure), Al, A2, B1 and B2 pressure 
ports on the nose of the airflow sensor and are coupled directly into the ADU 
in a manner similar to the static pressure line. 

Once inside the ADU, the sets of angle-of-attack and angle-of- 
sideslip pressure lines proceed into ports situated on opposite sides of their 
respective differential pressure transducers. The single P3 line is directed into 
one side of the total pressure transducer and the other end of this transducer 
is coupled to the input side of the static pressure transducer (together with the 
static pressure input) via a one-inch long section of plastic tubing. The outputs 
of the four transducers are integrated with various electronic circuitry which 
is housed in the aft end of the ADU and which serves to condition the signals 


prior to digitizing and formatting for subsequent downlinking by the DPU/DIU. 


e. SAIP Calibration 
It was determined from preliminary testing that the SAIP NCA 
which was delivered to NPS for wind tunnel testing was not calibrated in 
accordance with the SAIP functional specification provided with the test article 
[Ref. 1]. It was thus deemed necessary to calibrate the unit by applying known 


positive and negative pressures and subsequently measuring on a digital 
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voltmeter (DVM) the resultant voltage output from the ADU. A U-tube 
calibration manometer (Figure 31) with an attached adjustable diaphragm unit 
which enables the application of a variety of pressures was utilized for this 


purpose. 





Figure 31. U-Tube Calibration Manometer 


of 


The results of this calibration indicate that the incident pressure 
and resultant voltages vary in a highly linear manner. Consequently, it was 
a straightforward task to establish calibration curves for the test article 


(Figure 32). 


3. Nose Cone Assembly (NCA) Mounting Assembly 

To facilitate secure mounting of the NCA in the wind tunnel’s test 

section and to permit orientation of the probe in a variety of flow directions, 
the rigid mounting assembly illustrated in Figures 33 and 34 was designed and 
fabricated. The mechanism was secured to the rotatable disk situated at the 
base of the tunnel’s test section, and was extended vertically into the flow field 
such that the probe was held in position in the center of the flow. Rotation of 
the NCA about the vertical axis, representing a variation in the angle 6, was 
controlled by an electric motor which permitted operator-controlled positioning 
of the angle-of-attack. Constraints imposed by the width of the wind tunnel 
test section restricted the rotation of the NCA about the vertical axis to +37.5°. 
Additionally, the two clamps built into the top of the V-shaped mounting 
saddle held the NCA securely at the top of the vertical aluminum strut and 
permitted the unit to be rotated +180° about its longitudinal axis to simulate 
variation in the flow angle 6. The capability to both vertically and 
longitudinally rotate the NCA facilitated the simulation of an adequate range 


of possible flow impingement directions on an aircraft-mounted SAIP. 
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4. Instrumentation 
The NCA was integrated with its instrumentation equipment by 
coupling the connector plug extending from the output side of the ADU on the 


test article with an external Fluke Model 8810A Digital Voltmeter (DVM) 


(Figure 35) via a +15 volt power supply. The module containing the power 





Figure 35. Fluke Model 8810A Digital Voltmeter 


supply (Figure 36) was designed to permit manual scanning of the four 
voltages output from the ADU corresponding to either static pressure, total 
pressure, angle-of-attack pressure or angle-of-sideslip pressure. The power 


supply housing also accommodated sampling of the voltage corresponding to 
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the differential pressure existing between the tunnel test section and ambient 


air outside of the tunnel. 
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Figure 36. Power Supply Module 


While the design of the tunnel is such that the test section is 
maintained at a nominal pressure of one atmosphere, this pressure actually 
varied slightly over the duration of the individual tests. To obtain an exact 
reading of the test section static pressure, a static probe was fabricated and 
installed in the tunnel directly below the ASA, such that both of the probes’ 
static ports were directly in line with one another (Figures 33 and 34). This 
stationary static probe facilitated recording of the differential static pressure 
existing between the tunnel and surrounding ambient conditions, and provided 


a standard against which the static pressure reported by the SAIP could be 
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compared. The tunnel static pressure sampled by the stationary static probe 
was fed into a MKS Baratron Type 223B differential pressure transducer 


(Figure 37). The output end of the transducer was ported to the atmosphere. 





Figure 37. MKS Baratron Type 223B Differential 
Pressure Transducer 


This transducer was driven by the same +15 volt power source used to power 
the ADU contained in the NCA. The output signal from this power supply was 
in the form of a voltage corresponding to the difference in static pressure 
between the tunnel test section and ambient air. This signal was read from 


the DVM simultaneously with the four NCA pressure signals. 
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B. WIND TUNNEL PROCEDURES 


1. Initial Positioning and Operation 

Tests were performed during a total of 15.8 hours of wind tunnel 
operation, during which time the performance characteristics of the probe were 
measured in flow speeds ranging from 0 ft/sec to just under 240 ft/sec. 
Experiments were conducted with a series of sequentially modified flow 
impingement angles, which represent those to which the SAIP might be 
exposed in flight. This is done in order to obtain data relevant to the full 
range of possible flow directions. The probe was initially placed in the tunnel 
test section oriented at an angle of rotation about its longitudinal axis of 6=0°. 
A level was placed along the upper edge of the ASA to calibrate the probe’s 
positioning with respect to the horizontal tunnel flow direction, and minor 
adjustments were made to the tightness of the clamps securing the NCA to 
level the unit as necessary. 

The angle of rotation about the vertical axis was then set at ¢=0° and 
a steady state flow velocity of 13 cm H,O (157.8 ft/sec) was established by an 
adjustment of the tunnel’s propeller blade pitch. The four resulting output 
voltages from the ADU were then recorded along with the voltage 
corresponding to the differential pressure between the tunnel test section and 
the ambient air. The turntable supporting the probe mounting mechanism was 
next rotated clockwise by the remote electrical control panel to orient the probe 


5° to the oncoming flow. The propeller blade pitch was then finely adjusted to 
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reestablish a steady flow velocity of 13 cm H,O. The same five pressure 
voltages were again registered. This same procedure was followed for probe 
alignments of +10°, +15°, +20° and +25°, and then identically for -5°, -10°, -15°, 
-20° and -25°. 
2. Reconfiguration 

After sweeping 6 through its full range, the tunnel flow was then 
reduced to a nominal velocity of 0 ft/sec and the clamps securing the NCA in 
its saddle were loosened, permitting the probe to be incremented about the 
angle 8 by +15°. The probe was again leveled as necessary, and steady-state 
flow was again established at 13 cm H,O. The transducer and static probe 
voltages at the same set of @ angles were similarly recorded. This procedure 
was repeated until the NCA had been swept from 0° to 180° in 15° increments 
about 8, and from -25° to +25° in 5° increments about 9. At periodic intervals 
throughout the test sessions, the internal tunnel temperature as measured by 


the dial thermometer which extends into the settling chamber was recorded. 


C. WIND TUNNEL RESULTS 


1. Aerodynamic Performance 
Data obtained from following the foregoing procedures are illustrated 
graphically in Figure 38 and tabulated in Appendix E. In the figure, the 
difference in the static pressure measured by the NCA and the static pressure 


which actually existsin the surrounding atmosphere is plotted versus the 
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orientation of the NCA with respect to its longitudinal axis. Slight deviations 
from the nominal 1.0 atmosphere of pressure which exists in the tunnel test 
section are accounted for in the calculations. It can be seen from the resultant 
curves in Figure 38 that the variation in pressure differential for the various 
values of 6 does not represent the expected value, which should be zero for all 
orientations of 8. In fact, for larger values of » the data deviate significantly 
from the expected results. 

Figure 38 also reveals that the probe did not meet the +.0638 psia 
performance criteria specified in Reference 1 (for sea level operation) over the 
full range of 8 positions for any of the 6 orientations. Further illustrated by 
this figure is the convergence of data points at 86=150°. During the course of 
the wind tunnel tests, it was observed that the pressure differentials converged 
not only at this orientation, but also at @=-30°. Because of the paucity of 
technical documentation on the individual NCA components, the precise cause 
of these convergences could not be firmly established, although it is speculated 
that the source of the anomaly may originate in the static pressure line 


manifolding arrangement existing within the ASA. 


2. Temperature Variation 
An additional observation made during the course of the tests was 
that the steady-state static pressur2 voltage read from the output side of the 


ADU varied slightly with fluctuations in temperature. These fluctuations were 
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of very small magnitude (generally less than .01 psia) were well within the 


stipulated performance range (+.0638 psia). 


3. Wind Tunnel Configuration 

At this point in analysis it became necessary to ascertain if some 
aspects of the wind tunnel configuration could perhaps be responsible for the 
deficient NCA performance. The hardware set-up, operating procedures and 
wind tunnel equipment were all reviewed in an effort to identify possible flaws. 
After a thorough examination it was determined that the observed NCA 
performance could not be attributed to any aspect of the experimental 
procedure. It was then concluded that the probe design itself must exclusively 


contribute to the erroneous static pressure determinations. 
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V. ADU PRESSURE SENSITIVITY ANALYSIS 


A. ANALYSIS OBJECTIVE 

The determination that the inherent aerodynamic characteristics of the 
NCA were not the sole source of the altitude discrepancies observed in both the 
flight tests (Section III) and wind tunnel tests (Section IV) resulted in a 
redirection of investigative effort to examine various other aspects of the test 
article’s design. To supplement the initial ADU calibration described in 
Section IV.A.2.e, a more comprehensive study was performed to examine the 
relative interaction between the various pressure lines which interface between 
the ASA and the individual capacitive pressure transducers housed within the 
ADU. Of particular concern was any influence which the pressures applied to 
the total, angle-of-attack and angle-of-sideslip ports on the nose of the ASA 
might have upon the static pressure measured by the ADU. The possibility of 
static pressure voltage changes derived from incremental pressure adjustments 
caused by flow dynamics at the front of the probe would reveal a possible in- 


flight static pressure dependence upon air flow dynamic pressure. 
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B. ANALYSIS PROCEDURE 


1. System Test 

A system-level test was performed upon the NCA in an effort to 
assess the overall performance of the both the ASA and the ADU as they 
function collectively in response to frontal port pressure fluctuations. This 
investigation was performed by utilizing the aforementioned U-tube calibration 
manometer (Figure 31), which was used to generate the original SAIP 
calibration curves (Figure 32). Using a methodology similar to that described 
in Section I[V.A.2.e, known positive and negative pressures were individually 
applied to the total, angle-of-attack and angle-of-sideslip pressure ports located 
on the airflow sensor, and the voltage corresponding to static pressure was 
subsequently read from the DVM. A second system-level test was performed 
by applying identical pressures to the five frontal ports simultaneously. Since 
dynamic pressure acts simultaneously upon all five frontal ports in flight, by 
applying pressure to the ports concurrently and monitoring ADU performance, 
the effect of dynamic pressure upon the airborne SAIP could be realistically 


simulated and assessed. 


2. Component Test 
A separate component-level pressure sensitivity test was performed 
in an effort to independently evaluate the performance of the two individual 


components, and thus to isolate the source of any potential dynamic pressure 


10 


error. In this test, the ADU was physically decoupled from the airflow sensor 
and removed from the NCA, and known pressures were then applied to the 
input side of the ADU. The purpose of this analysis was to isolate the 
influence of the airflow sensor and its attached pressure lines from the ADU. 
By applying pressure "downstream" of the airflow sensor, it would be possible 
to conclude that any static pressure voltage fluctuations which might occur 
upon application of pressure to the input side of the ADU would originate as 
errors from within the ADU itself and not from the attached airflow sensor or 


coupling airlines. 


C. ANALYSIS RESULTS 


1. System Test 

The initial system-level tests revealed that the application of 
pressure individually to each port on the airflow sensor resulted in a fairly 
significant deviation in measured ADU static pressure voltage. These results, 
illustrated in Figure 39, indicate that the sensitivity of the static pressure 
voltage to frontal port pressure varies in a relatively linear fashion, in a 
manner similar to the SAIP calibration curves. The fact that a definite 
fluctuation in the static pressure output voltage occurred upon application of 
these pressures to the frontal pressure ports is a startling discovery, as static 
pressure should remain independent of, and isolated from, any dynamic 


pressure influence. This revelation serves to possibly identify a fundamental 
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problem with the existing SAIP design, which could potentially be introducing 
significant errors into the system’s altitude determination capability. 

The second system-level evaluation resulted in the curve depicted in 
Figure 40. The difference in the static pressure measured by the NCA and 
that existing in the ambient environment, P,(SAIP) - P,(atm), has been plotted 
versus the applied pressure (in centimeters of H,O) in order for the units to 
correspond to those measured in the wind tunnel tests. The figure illustrates 
distinctly the linearly decreasing trend of the pressure differential with 
increases in applied pressure. This trend would suggest that in level flight, as 
the dynamic pressure increases (as a result of increasing aircraft velocity), the 
static pressure measured by the SAIP would decrease linearly. This 
experimental result seemingly contradicts the results obtained in the flight test 
which was analyzed in Section III. There it was revealed that the SAIP pods 
consistently reported lower altitudes (as a result of higher static pressures) 
than that of the aircraft, and that this negative position error was aggravated 
by increased aircraft velocities (Figures 15-22). Accordingly, the flight tests 
revealed that the static pressure sensed by the probes actually increased, not 
decreased as seen in the wind tunnel results, with increasing dynamic 


pressure. 


2. Component Test 
The process of disconnecting the ADU from the ASA, removing this 


transducer unit from the NCA and then applying incremental pressures to the 
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input side of the unit resulted in the curves illustrated in Figure 41. 
Examination of these curves reveals that they are identical to those obtained 
by applying the same set of pressures to the dynamic pressure ports on the 
nose of the ASA. The straightforward conclusion which can thus be drawn is 
that the ASA is correctly transferring the pressures impinging upon the frontal 
ports to the ADU, and that any static pressure anomalies which are 
experienced are not caused by deficiencies in the ASA design, but originate as 


errors from within the ADU. 
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VI. SUPPLEMENTAL TESTING 


A. GENERAL 

A two-phased approach was undertaken to confirm the suspected source 
of SAIP altitude error and to isolate the specific hardware component(s) 
contributing to the error. The initial effort was directed towards wind tunnel 
testing of a NCA modified to isolate frontal port dynamic pressures which 
appear to influence ADU static pressure measurements. The second area of 
investigation included a study of the internal electronics of the ADU in an 


attempt to identify possible interference problems with the unit. 


B. WIND TUNNEL ANALYSIS 
1. Wind Tunnel Procedures 


a. Dynamic Pressure Isolation Tests 
Tests in which air flow dynamic pressure was isolated from the 
NCA airflow sensor were performed to verify the possible interference of 
dynamic pressure with measured static pressure. Procedures similar to those 
employed during the initial wind tunnel tests of the NCA were utilized in the 
tests to verify the dynamic pressure influence upon pod accuracy. The test 
article was initially fitted with a very thin-membrane sleeve which was secured 


over the frontal port area of the airflow sensor and which precluded dynamic 
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pressure impingement upon the total, angle-of-attack and angle-of-sideslip 
ports while permitting undisturbed flow over the length of the sensor. The 
NCA was then mounted in the tunnel test section and instrumented in a 
manner identical to the initial wind tunnel tests. 

The same flow velocity established during the initial tests, 13.0 
cm H,0O, corresponding to approximately 158 ft/sec, was maintained during this 
wind tunnel test. By exposing the test article to common flow conditions, the 
performance of the SAIP which was modified with the protective sleeve could 
be readily compared with that of the baseline unit used in the first tests. 
Trials were conducted by varying the 6 orientation in 22.5° increments from 0° 
to 180°. Similarly, the probe was rotated about 6 at orientations of 25°, 10°, 5°, 
0°, -5°, -10° and -25° during the tests. 

b. Flow Velocity Effects--Baseline NCA 

During the testing period an additional trial was run to evaluate 
the baseline (unmodified) pod’s performance under a range of flow velocities. 
In this test the sleeve was removed from the ASA and the tunnel flow velocity 
was incremented from 0 to 30.0 cm H,0O (0 to 239.7 ft/sec) in steps of 1.0 cm 
H,O. Both the 0 and 6 orientations of the NCA were maintained at 0° during 


the test. 
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c. Flow Velocity Effects--Modified NCA 
A final test was performed in the wind tunnel to measure the 
modified pod’s performance under conditions of changing flow velocity. A 
procedure identical to that employed in the previous trial was implemented, 
with the exception that the sleeve used to isolate the frontal ports was 


installed to preclude dynamic pressure impingement upon the ports. 
2. Wind Tunnel Results 


a. Dynamic Pressure Isolation Tests 

Isolation of the five frontal ports of the airflow sensor from the 
impinging flow by a shielding sleeve produced markedly different results from 
those obtained in the previous wind tunnel test of the unshielded NCA. The 
resultant curve from the dynamic pressure isolation test appears in Figure 42, 
and the corresponding data is tabulated in Appendix F. The most siynificant 
result from tests of the modified NCA was that the overall magnitude of the 
pressure differential was appreciably reduced from that obtained with the 
baseline unit. While this differential varied from approximately -.28 psia to 
.05 psia with the baseline test article (Figure 38), the range of variation in 
tests of the modified unit was only on the order of -.02 psia to .04 psia. Taking 
into account the accuracy and precision of the measurement instruments used, 


the performance of the modified NCA in the wind tunnel tests was well within 
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the prescribed limits on accuracy for sea level operation of +.0638 psia at all 
orientations.[Ref. 1] 

Figure 42 also reveals that the sleeve effectively eliminated the 
“sinusoidal” variation of the pressure differential with changes in 6 which was 
observed in the previous wind tunnel trials. The figure correctly indicates that 
variations in 6 of at least 25° should not affect the static pressure which is 
calculated by the system, and additionally that no effect of ® is discernable. 
Also notable is the fact that when the modified NCA was rotated about 6 in 
either the positive or negative direction (at a fixed 6 orientation), the pressure 
differential generally decreased. This is a departure from the results observed 
with the baseline NCA, where rotations about 6 in the positive direction 
caused an increase in the differential while negative rotations about resulted 


in a decrease in this parameter (Figure 38). 


b. Flow Velocity Effects--Baseline NCA 

The investigation of baseline (uncovered) NCA static pressure 
determination accuracy as a function of flow velocity resulted in the plot 
illustrated in Figure 43. Under the existing test conditions, a correctly 
performing NCA would be described by a straight horizontal line. This curve 
depicts the decrease in NCA-reported static pressure with increase in dynamic 
pressure. This general trend corresponds with what was observed in the 
system-level ADU pressure sensitivity analysis (where incremental pressures 


were applied simultaneously to all five frontal ports and static pressure voltage 
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was subsequently recorded) described in Section V.C.1 (Figure 40), though the 
static pressures reported by the NCA during the sensitivity analysis were 
somewhat greater in magnitude than those observed in the wind tunnel tests. 
These results, however, do not correlate well with what was observed from the 
analysis of SAIP flight tests in Section II]. In the flight test analysis it was 
revealed that increasing aircraft velocities led to a decrease in the reported 
SAIP altitude, which would correspond to an increase in static pressure sensed 
by the units. The slope observed in the wind tunnel test is exactly opposite to 


what was experienced in flight. 


c. Flow Velocity Effects--Modified NCA 

It can be seen from the results of the investigation of modified 
NCA performance over a range of flow velocities, Figure 44, that the shielded 
probe reports higher static pressures as the dynamic pressure impinging upon 
the frontal ports is increased. It was anticipated that the shielding would 
possibly result in a constant static pressure output from the ADU because of 
the elimination of dynamic pressure interference which, it was conjectured, 
was introducing errors into the probe’s determination of static pressure. 

The revelation that the utilization of a protective sleeve resulted 
in a curve of approximately equal slope as that obtained from tests of the 
unprotected probe, but of opposite sign, portends the possibility that some sort 
of correction circuitry has been included among the components residing within 


the ADU, the design of which could possibly incorporate a variable capacitance 
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transducer system [Ref. 12]. This circuitry could possibly be utilized to 
attempt to correct ADU static pressure output readings which appear to vary 
at sea-level (assuming no such corrective capabilities were designed into the 
system) according to the trend depicted in Figure 43. 

In order to reconcile the NCA’s behavior as measured in the 
wind tunnel experiments with the observed performance at 4,000 and 10,000 
feet during flight tests, one would have to conjecture the existence of 
"correction circuitry". Because this matter is not of aerodynamic origin and 
because ADU circuit documentation is not available to NPS at this time, this 


matter is considered outside of the scope of this thesis. 


C. ADU TRANSDUCER ISOLATION ANALYSIS 


1. Analysis Procedure 

The pressure transducer isolation test was designed to identify 
components in the ADU which may be contributing electronic or pneumatic 
interference to the system. The existence of such components could precipitate 
errors in ADU static pressure determination. This test was performed by 
isolating each of the three differential-type pressure transducers (total, angle- 
of-sideslip and angle-of-attack) from the ADU circuitry, applying incremental 
pressures to the input junctions of the static pressure transducer and then 
reading the resultant static pressure voltage. Procedurally, the first 


transducer to be isolated was the total pressure transducer. This particular 
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transducer possesses both a pneumatic interface with the static pressure 
transducer and an electronic interface with the signal conditioning circuitry, 
and thus both of these effects were independently isolated. The angle-of- 
sideslip pressure transducer was then electronically isolated from the system 
(together with the previously disconnected total pressure transducer), the same 
incremental pressures were the applied to the static port, and the resultant 
static pressure voltage was again recorded. Finally, the angle-of-attack 
transducer was electronically disconnected and the same procedures were 
followed with all three differential transducers isolated from the circuitry, thus 
precluding interference of any of the three devices with the permeates of the 


system. 


2. Analysis Results 

The results of disconnecting various combinations of the total, angle- 
of-attack and angle-of-sideslip pressure transducers, applying a series of 
graduated pressures to the static pressure input port to the ADU and 
subsequently measuring the ADU static pressure voltage are illustrated in 
Figure 45 and tabulated in Appendix G. Figure 45 illustrates that when all 
three transducers are connected (together with the static pressure transducer), 
the normal in-flight operating configuration, the resultant output is on the 
order of .45-.46 volts, just as observed in the SAIP calibration curves (Figure 


32) discussed in Section IV.A.2.e. The curve representing this configuration, 
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seen along the bottom of Figure 45, exhibits a linear variation with pressure 
and has a reciprocal slope of 113.70 psia/volt. 

Other combinations of pressure transducer connections led to the 
remaining curves seen in Figure 45. A particularly interesting and significant 
result can be seen in the grouping of curves plotted in the top region of the 
figure. When the ADU was configured with any of combinations of transducers 
represented by these curves, the resultant output voltage varied from 
approximately 5.0 to 6.0 volts. 

The importance of this result is that the general range of voltages 
spanned by these curves corresponds precisely with the range which the SAIP 
functional specification [Ref. 1] stipulates the probe’s output should lie in for 
the given pressures. It will be recalled that during the preliminary study of 
SAIP calibration (Section IV.A.2.e), the output of the ADU did not appear to 
correlate with the static pressure/output voltage relationship outlined in the 
functional specification. In fact, as discussed in the first paragraph of this 
subsection, the output took the form of the bottom curve in Figure 45. 

Another critical system characteristic revealed by the figure is 
highlighted by the fact that the five curves which converge at the top of Figure 
45 all possess reciprocal slopes of approximately 2.58 psia/volt. This result 
again corresponds almost exactly with the specified performance criterion of 
an ADU static pressure/output voltage relationship of 2.5 psia/volt [Ref. 1]. 


The close correspondence of these slopes, coupled withthe high degree of 
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correlation between the overall magnitudes of the specified and empirical 
voltages, strongly suggests that by electrically isolating the three differential 
transducers from the remainder of the ADU circuitry, the originally specified 
performance of the ADU can be recovered and SAIP altitude determination 


errors can be eliminated. 
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VIT. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 
Based upon the results of the multifaceted investigation of SAIP altitude 
determination error involving in-flight evaluations, wind tunnel testing and 


pressure sensitivity studies, a number of conclusions have been established: 


Flight Tests 


¢ The second-generation SAIP design incorporating 12 static ports provided 
essentially identical performance during flight tests as did the first- 
generation single static port unit. Both designs failed to meet the 
required altitude accuracy established in the SAIP functional specification 
[Ref. 1]. 


¢ SAIP altitude error manifests a functional relationship which is 
somewhat dependent upon the square of the velocity of the impinging air 
flow. 


¢ SAIP altitude error cannot be conclusively attributed to dynamic pressure 
impingement upon the probe’s frontal ports because of the lack of 
dependence of this error upon ambient air density. 


¢ Neither the relative wing station position of the SAIP on the test aircraft 
nor either the presence or absence of a centerline fuel tank had a 
measurable influence upon SAIP altitude determination accuracy. 


Wind Tunnel Tests 


¢ While the static ports located on the airflow sensor are not positioned 
sufficiently aft of the probe’s leading edge to meet recommended criterion, 
the aerodynamic characteristics of the second-generation SAIP design are 
sufficient to accurately assimilate and transfer static pressure data from 
the probe’s Airflow Sensor Assembly (ASA) to the input ports of the Air 
Data Unit (ADU) [Ref. 5]. 
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¢ The interim redesign concept involving the elimination of SAIP dynamic 
pressure processing through the use of a shielding sleeve, while 
ineffective in eliminating altitude determination errors introduced by 
changing flow velocities, is effective in excluding errors associated with 
varying flow impingement angles. 


Pressure Sensitivity Testing 


¢ SAIP altitude errors originate as the result of electrical interference 
introduced by the existence of total, angle-of-attack and angle-oi-sideslip 
differential pressure transducers in the same ADU circuitry as that 
supporting the processing of static pressure signals. No evidence was 
found to support the postulate that pneumatic interference, either within 
the ASA or the ADU, is contributing to inaccuracies in SAIP-reported 
altitudes. 


¢ Required SAIP altitude determination performance, as outlined in the 
system’s functional specification (Reference 1), can be recovered by 
electrical isolation of the total, angle-of-attack and angle-of-sideslip 
pressure transducers from the static pressure transducer and remaining 
ADU circuitry. Equivalent performance can alternatively be achieved by 
electrically isolating either the angle-of-attack or angle-of-sideslip 
transducers (or both) from existing electronics. 


B. RECOMMENDATIONS 
Recommendations for achieving an accurate SAIP altitude determination 


capability are suggested as follows: 


e Further wind tunnel testing should be performed to evaluate the static 
pressure measurement accuracy of a SAIP Configuration -003 Nose Cone 
Assembly (NCA) containing an ADU which has been modified in such a 
manner that the three differential-type pressure transducers used to 
process total, angle-of-attack and angle-of-sideslip pressures are 
electrically isolated from all ADU circuitry. 


¢ The successful completion of the foregoing series of wind tunnel tests 
should sanction a similar modification of operational ADUs to facilitate 
the elimination of current SAIP altitude deficiencies and the recovery of 
requisite system performance. A near-term improvement could include 
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simply severing the electrical leads carrying power to the individual 
differential pressure transducers. 


A circuit redesign of the ADU should be undertaken to permit 
simultaneous processing of static, total, angle-of-attack and angle-of- 
sideslip pressure information without the attendant degradation of static 
pressure measurement accuracy. 


Additional investigation should include a study of the relative value and 
extractability of data processed by the total, angle-of-attack and angle-of- 
sideslip pressure sensors with regard to the capability of the data to 
furnish supplemental information on aircraft position, attitude, velocity, 
acceleration, etc. 


Evaluate the sensitivity of the existing absolute- and differential-type 
pressure transducers and associated ADU electronics to effects introduced 
by three-dimensional aircraft acceleration, and compare the resultant 
performance with the system’s functional requirements. 


Novel techniques should be studied for measuring the above aircraft 
parameters. One such investigation might include using a multiplicity 
of ports on the body of the SAIP, thereby eliminating the need for the 
total, angle-of-attack and angle-of-sideslip pressure ports on the nose of 
the airflow sensor. The capabilities of computer-based systems to 
interpret probe pressure readings is expanding, and could permit 
replacement of the existing pressure line manifolding arrangement with 
a system capable of yielding flow direction and Mach number in addition 
to static pressure. 
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APPENDIX A. PRESSURE CALCULATION PROGRAM 


REM CALCULATION OF P/Pinf AND Cp AS A 

REM FUNCTION OF Minf, PHI AND THETA 

OPEN "CP.OUT" FOR OUTPUT AS #3 

DIM P(7) 

DIM Cp(7,65) 

G=].4 

PRINT “INPUT FREE-STREAM MACH NUMBER" 
INPUT Minf 

PRINT "Minf PHI THETA P/Pinf 


REM SWEEP PHI FROM 0 TO 90 DEGREES 
REM IN 15 DEGREE INCREMENTS 

FOR J=0 TO 6 

P(J)=J*.261799388 


REM SWEEP THETA FROM -180 DEGREES TO 180 DEGREES 
T=-3.239767424 
FOR I=l1 TO 65 
T=T+.098174770 


REM CALCULATIONS 
F(J)=4*(SIN(P(J)))*2*(SIN(T))*2 + (COS(P(J)))*%*2 
A(J)=(Min£*2)*F(J) 

B=1+((G-1)/2)*Minf*2 
C(J)=((G-1)/2)*(Minf£*2) *F(J) 
M(J)=SOR(A(J)/(B-C(J))) 
P1(J)=(B/(1+((G-1)/2)*M(J)°2))°(G/(G-1) ) 
Cp(J,1)=(P1(J)-1)*(2/(G*Min£%2) ) 

NEXT I 

NEXT J 


REM PRINT LOOPS 

FOR J=0 TO 6 

TM=——3,23976/424 

FOR I=1 TO 65 

T=T+.098174770 

PRINT Minf,P(J),T,P1(J) 

Peat; be pc0, 1) 7Cpi l,l) cpl 2,1); 
egos) 7 Cp( 4,28); Cp(5;,1);cp(6,1) 

NEXT I 

NEXT J 


PRINT "ANOTHER RUN? (1=Y,2=N)" 
INPUT Q 

IF Q=1 GO TO 30 

CLOSE #3 

END 
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APPENDIX B. DATASTAT PROGRAM 


C THIS PROGRAM CALCULATES THE MEAN VALUE AND 
C STANDARD DEVIATION OF A SET OF INPUT ALTITUDES 


PROGRAM DATASTAT 
IMPLICIT REAL (A-Z) 
INTEGER*2 K 
CHARACTER*20 NAME 


DIMENSION AC(100), A(100), DA(100), VA(100), 
sB( 100), DB( 100 vei o. 
7C(100), DECIO0) Ve Crtiine 
7D(100), DD{100), Vbi ton) 


WRITE(6,*) ’'ENTER THE NAME OF THE INPUT FILE’ 


READ(5,'’(20A)’) NAME 
WRITE(*,*) a COLUMN LENGTH’ 
READ(S, (Aum K 


sine saci © FILE=NAME,STATUS=’OLD’ ) 


DO I=1,K 
READ( 15, *#mAC( 1), A(1) 784), Cl epi 
WRITE(6,*) AC(1I),A(1I),E(1), C( Diva 
END DO 


C CALUCULATE DIFFERENCE 
DO 70° 1 
DA(I)=AC(I)-A(I) 
DB(I)=AC(I)-B(1I) 
DC(I)=AC(1I)-C(I1) 
DD(I)=AC(I)-D(T) 
WRITE(22,*) DA(I),DB(1I),DC(1I),DD(TI) 
70 CONTINUE 


C CALCULATE SUM OF DIFFERENCES 

SA=0 

SB=0 

SC=0 

SD=0 

DO 80 I=1,K 
SA=SA+DA(TI) 
SB=SB+DB(I) 
SC=SC+DC(I) 
SD=SD+DD(TI) 

80 CONTINUE 
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c 


CALCULATE MEAN VALUE 


MA=SA/K 
MB=SB/K 
MC=SC/K 
MD=SD/K 


CALCULATE VARIANCE 


DO 90 I=1,K 
VA(I)=(AC(I)-A(I))**2 
VB(I)=(AC(I)-B(1I))**2 
VC(I)=(AC(1I)-C(I1I))**2 
VD(I)=(AC(I)-D(I))**2 


90 CONTINUE 


CALCULATE SUM OF DIFFERENCES 


VARA=0 
VARB=0 
VARC=0 
VARD=0 


DO 100 I=1,K 
VARA=VARA+VA(I) 
VARB=VARB+VB(I) 
VARC=VARC+VC(I) 
VARD=VARD+VD(I) 


100 CONTINUE 


CALCULATE STANDARD DEVIATION 
SIGMAA=SQRT( VARA/K-—(MA**2) 


SIGMAC=SQRT(VARC/K-(MC**2 ) 


) 
SIGMAB=SQRT( VARB/K-(MB**2) ) 
) 
) 


SIGMAD=SQRT(VARD/K-(MD**2 ) 


WRITE(* 
WRITE(* 
WRITE(*,*) 
WRITE(*,*) 


ae 
f 
t 
t 
WRITE(*,*) 
tf 
tf 
Lf 


a 


WRITE(*,*) 
WRITE(*,*) 
WRITE(*,*) 


STOP 
END 


"MEAN VALUE 
‘MEAN VALUE 
‘MEAN VALUE 
"MEAN VALUE 
'STD DEV OF 
‘oa D DEV OF 
oO LD: DEV (OF 
‘STD DEV OF 


MA 


MC 


OF SAIP A DIFFERENCE=’, 
OF SAIP B DIFFERENCE=’, MB 
OF SAIP C DIFFERENCE=’, 
OF SAIP D DIFFERENCE=’, MD 


SAIP A DIFFERENCE=’ 
SAIP B DIFFERENCE=’" 
SAIP C DIFFERENCE=' 
SAIP D DIFFERENCE=’ 
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f 
f 
f 
’ 


SIGMAA 
SIGMAB 
SIGMAC 
SIGMAD 


APPENDIX C. DATAFIT PROGRAM 


C THIS PROGRAM CALCULATES DATA FOR PLOTTING 
C AND SUBSEQUENT POLYNOMIAL FIT 


PROGRAM DATAFIT 
IMPLICIT REAL (A-Z) 
INTEGER*2 K 
CHARACTER*20 NAME 


DIMENSION AC(100),A(100),DA(100),FA(100),LOGFA(100), 
7B(100) ,DB( 100), FS( 100), LOGEE 00) 

7C (100) , DECHOO);, FeCrod)- LOGEC (At) |, 
7;D(100),DD(100),FD(100),LOGFD(100), 

;V(100) ,LOGV(100) 


WRITE(6,*) 'ENTER THE NAME OF THE INPUT FILE’ 
READ(5,'’(20A)’) NAME 

WRITE(*,*) ‘INPUT COLUMN LENGTH’ 
READ(5,‘(A)’) K 

OPEN(UNIT=15, FILE=NAME,STATUS=’OLD’ ) 


DO I=1,K 
READ(15,*) V(1),AC(1)G A170 s ie a ee 
WRITE(6,*) V(1I),ACCT)G A Tee eee) 
END DO 


C CALCULATE DIFFERENCE 
DO FOU ro 
DA(I)=AC(I)-A(I) 
DB(I)=AC(I)-B(I) 
DC(I)=AC(1I)-C(I1) 
DD(I)=AC(1I)-D(I) 
WRITE(22,*) DA(1I),DB(1I),DC(1),DD(I) 
70 CONTINUE 


DO 80 I=1,K 
FA(I)=(1-.000006880928*AC(I))*DA(I) 
FB(I)=(1-.000006880928*AC(I))*DB(I) 
FC(I)=(1-.000006880928*AC(I))*DC(I) 
FD(I)=(1-.000006880928*AC(I))*DD(I) 

80 CONTINUE 


DO 90 I=1,K 
LOGV(I)=LOG(V(I)) 
90 CONTINUE 
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DO 100 I=1,K 
LOGFA(I)=LOG(FA(I) 
LOGFB(I)=LOG(FB(1) 
LOGFC(I)=LOG(FC(I) 
LOGFD(1I)=LOG(FD(1) 

100 CONTINUE 


) 
) 
) 
) 


DOL) l=17K 
WRITE(6,*) LOGV(I),LOGFA(I),LOGFB(I),LOGFC(I), 
>; LOGFD(I1) 
WRITE(23,*) LOGV(I),LOGFA(I),LOGFB(I),LOGFC(I), 
>LOGFD(I) 

110 CONTINUE 


STOP 
END 


oF 
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APPENDIX D. DATASTAT AND DATAFIT INPUT DATA 


IRIG Relative 
time run 
time 


: 46:00 0.0000 
:46:10 0.1667 
:46:20 0.3333 
:46:30 0.5000 
:46:40 0.6667 
:46:50 0.8333 
:47:00 1.0000 
2:47:10 icL6677 
:47:20 1.3333 
:47:30 1.5000 
:47:40 1.6667 
:47:50 1.8333 
:48:00 2.0000 
:48:10 2.1667 
7:48:20 25355355 
248230 2.5000 
:48:40 2.6667 
¢48:50 226345 
:49:00 3700 e 
2:49:10 3.1667 
:49:20 a2 353536 
:49:30 5. 5000 
:49:40 3.66607 
:49:50 3.8333 
2:50:00 4.0000 
2:50:16 4.1667 
“50220 4.3333 
:50:30 4.5000 


Speed 
(KTAS ) 


268 
Zo 
3:35 
Bt) 
404 
436 
458 
481 
496 
909 
Das 
530 
538 
2) O)) 
544 
541 
534 
492 
452 
424 
Sis) fl 
368 
353 
334 
314 
295 
278 
262 


RUN #2 


AC 
alt 


(feet) 


4034 
4048 
4050 
4038 
4056 
4062 
4048 
4061 
4130 
4142 
4174 
4206 
4192 
4140 
4182 
4225 
4238 
4051 
3992 
4018 
4008 
4050 
4046 
3978 
39H 
3988 
4004 
4006 


SAIP 
A 
alt 


(feet) 


3671 
S650 
a3 
3517 
3547 
3468 
3376 
3356 
3409 
s3en0 
3264 
S20 
3179 
3140 
3202 
3264 
3346 
3310 
3392 
Sony 
3494 
3632 
3599 
3540 
3299 
3602 
3658 
3701 


318) 


SAIP 
B 
alt 


(feet) 


3747 
3714 
3645 
3503 
35506 
3465 
$369 
3333 
3402 
3310 
3284 
s3.01 
3219 
S)1L 2S) 
3238 
3278 
3363 
3330 
3409 
3540 
3540 
Bileyts al 
3665 
3609 
3684 
31355 
S) PDE 
3809 


SAIP 
G 
alt 


(feet) 


3776 
3740 
36/5 
3099 
3602 
3576 
3445 
3415 
3448 
3386 
33.010 
3386 
3274 
3235 
3282 
3314 
3422 
3353 
3465 
Se ILI 
333 
3678 
3668 
3625 
3684 
3730 
3760 
3786 


SAIP 
D 
alt 


(feet) 


oy Gd 
36am) 
3609 
3503 
353938 


3524 


3458 
3428 
3494 
3402 
3392 
3438 
3310 
325 
3314 
3356 
3484 
3366 
3529 
3998 
3586 
3724 
3684 
3602 
3707 
3137) 
3770 
3789 


RUN #3 
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IRIG Relative Speed AC SAIP SAIP SAIP SAIP 
time run (KTAS) alt A B Cc D 
time (feet) alt alt AYIKe alt 
(feet) (feet) (feet) (feet) 
°53:40 0.0000 307 10544 9767 9777 9879 9783 
mee) 8600.1667 355 10583 9672 9675 9780 9670 
54500 0.3333 364 10513 9636 9610 9731 9632 
$54:10 0.5000 393 10520 9639 9577 9692 9621 
moae20 640.6667 418 10526 9610 9564 9705 9603 
[aes 0.8333 443 10538 9551 9436 9603 9544 
°54:40 1.0000 466 £10543 9478 9308 9564 9491 
wooo) «26«i1:«. «21667 ae2- 10553 9463 9308 9547 9493 
mooeoO 1.3333 498 10559 9377 9308 9452 9404 
ZooerO )6|6L £5000 Si? #10564 9318 9272 9432 9354 
moo )60|0|O6Uld1 «J 6667 Bae 10562 9242 9193 9318 9282 
foo7s0 1.8333 533 10556 9203 9178 9314 9258 
$55:40 2.0000 Sse «1055s 9210 9200 9314 9246 
moo 0 62. 1667 541 10584 9199 9180 9298 9231 
eyo00 2.3333 Sac 10597 9226 9206 9318 9243 
2:56:10 2.5000 498 10542 9380 9354 9452 9361 
$56:20 2.6667 471 10530 9457 9426 9518 9472 
moe s0 2.8333 446 10526 9524 9462 9603 9528 
$56:40 3.0000 426 10540 9593 9536 9672 9578 
weer 50 3.1667 404 10540 9618 9610 9698 9610 
my200 3.3333 362 10527 9656 9665 9741 9665 
$57:10 3.5000 363 10532 9656 9675 9767 9650 
2:57:20 3.6667 343 pee 53 2 9695 9738 9803 9692 
mye sO0 863.8333 3275) 10520 9706 9747 9793 9711 
°57:40 4.0000 310° 20526 973 9O7 77 9833 9738 
mo7250 4.1667 294 10499 9646 9711 9843 9688 
°58:00 4.3333 284 10492 9679 9749 9843 9685 
:58:10 4.5000 269 10706 9957 9984 10102 9957 
°58:20 4.6667 Z65 10775 9973 10075 10154 10026 
°56:30 4.8333 268 10504 9742 9842 9888 9744 
mo0°:40 5.0000 266 10435 9656 9842 9783 9677 
58:50 5.1667 258 10506 9754 9842 9897 9767 
mao; 00 5.3333 252. 20564 9852 9869 9974 9850 


oe 


WW WW Ww WW WWW WW WwW Ww Ww WW Ww Ww 


IRIG Relative 
time run 
time 

°53:40 0.0000 
25350 0.1667 
:54:00 0.3333 
:54:10 0.5000 
254:20 0.6667 
7>54:30 0.8333 
°54:40 1.0000 
254350 i, 1667 
255:00 im, 3335 
°55:10 1.5000 
©55:20 1.6667 
55230 i. 635 
955240 2.0000 
55.50 2.1667 
°56:00 2.3333 
*56:10 2.5000 
“56:20 2.6667 
0 230 2.8333 


Speed 
(KTAS ) 


525 
ZG 
534 
339 
545 
549 
507 
469 
434 
407 
383 
358 
340 
318 
300 
284 
Zi2Z 
260 


RUN #4 


AC 
alt 


(feet) 


4127 
4100 
4119 
4190 
4208 
4212 
4161 
4158 
4128 
4084 
4084 
4078 
4041 
4090 
4108 
4094 
4022 
3970 


SAIP 
A 
alt 


(feet) 


3256 
3258 
3189 
3207 
3255 
3248 
3449 
3517 
3563 
3544 
3606 
3612 
33595 
3709 
3747 
Ba) 
3616 
3621 


100 


SAIP 
B 
alt 


(feet) 


3254 
3 ial 
3149 
3224 
3219 
3223 
3405 
3501 
33590 
3566 
3625 
3701 
3663 
3814 
3848 
3832 
3760 
3763 


SAIP 
C 
alt 


(feet) 


3256 
3214 
SEO? 
32572 
3242 
3236 
3415 
351) 
3570 
3558 
3635 
3661 
3638 
3763 
3789 
3786 
3701 
3691 


SAIP 
D 
alt 


(feet) 


3352 
3302 
3287 
3370 
3356 
3364 
3530 
3620 
3666 
3685 
3600! 
3724 
3692 
3839 
3834 
387Zal 
37258 
37e8 


m&& PSF HLH 6 He LoL Do WW WW Ww Ww Ww Ww Ww Ww 


IRIG 
time 


°58:; 
$58: 
56° 
58 
259: 
$59: 
2:59: 
359: 
2:59: 
$59: 
300: 
: 00 
700: 
200; 
00 : 
700: 
sOl: 
201: 
:01 
701 
201: 
Sul: 


ee 


20 
30 
40 


¢50 


00 
ILD, 
Zz) 
50 
40 
50 
00 


210 


20 
30 
40 
50 
00 
10 


2:20 
730 


40 
50 


RUN #5 


Relative Speed AC 
(KTAS) alt 


WWWWNNNNNNRRRRRFrFOOCOOOOSO 


run 
time 


-0000 
K66.7 
3.3.3 3 
2 210'0 0 
> O16 7 
635 3 
-0000 
2667 
=o 3 
< SOONG, 
-6667 
#813 33 
-0000 
- 1667 
13 3 3 
25000 
26106 7 
yoo 33 
-0000 
eee) 7 
3.55 
5 SOON 


318 
3:55 
390 
420 
446 
471 
491 
510 
AS) 
ay) 
545 
559 
500 
467 
436 
409 
Bes 
365 
348 
330 
Sibi 
295 


SAIP 
A 

(feet) alt 

(feet) 
10648 9879 
10630 9785 
10580 9666 
10564 9655 
10588 9646 
10629 9622 
10642 9544 
10622 9460 
10586 9324 
10570 9318 
mO566 9274 
10541. 9252 
10469 9403 
10433 9448 
10415 9517 
10440 9537 
10464 9600 
10481 9641 
10484 9646 
10494 9646 
10503 9723 
10497 9701 


101 


SAIP 
B 
alt 


(feet) 


9942 
9823 
9689 
S15 518. 
9600 
9579 
9484 
9365 
9254 
9259 
9200 
9170 
9288 
ees, 
9447 
9498 
9565 
9639 
9654 
9680 
Sieh 
9759 


SAIP 
C 
alt 


(feet) 


Ue 
9813 
SOE) 
9646 
9640 
9609 
9528 
9432 
a2 2 
9308 
9252 
9252 
9356 
9452 
oma 
9570 
9646 
9694 
9685 
9718 
9800 
e038 


SAIP 
D 
alt 
(feet) 


10446 
EOS 3.6 
imOZ2 3 
10208 
10181 
OES 7 
10080 
o982 
9655 
9855 
9810 
9760 
9886 
NE) ENS 
10005 
ILO A, 
10064 
10142 
O13 i 
ORE 37 
iz lez 
aya ee) 


THETA 
(degrees) 


= 215) 
= 3yll) 
—25 
0 
15 
30 
45 
60 
Ue 
90 
IOs 
IAW 
ioe 
145 
150 
155 
LG 
180 


THETA 
(degrees) 


-35 
-30 
-25 
0 
les 
30 
45 
60 
ea, 
90 
105 
IL AW) 
135 
145 
150 
iB), 
iG 
180 


APPENDIX E. NCA WIND TUNNEL TEST DATA 


-.0892 
-.1079 
=,1225 
-.1247 
=.2043 
—-.2284 
-.2713 
-.2814 
—. 27068 
-.2569 
-.2401 
-.2112 
=i moe 
=.T5s31 
-.1319 
-.1228 
—.UGi67 
=. Ua02 


-.0874 
ee ONS) HS 
= NS 

.0108 
= Uae 
—-.0280 
-.0564 
-.0642 
—-.0642 
= hiss eile. 
-.0734 
-.0892 
-.1046 
5 ILS 
-.1142 
-.1210 
-.1258 
-.1264 


-.0878 
-.1017 
-.1114 
-.1041 
-.1812 
-.2006 
= 22502 
—-.2464 
—-.2430 
—22539 
=e? 1 
-.1892 
= /eonl 7 
-.1431 
-.1243 
-.1214 
-.0901 
-.0536 


PH i 


=O 
0 Us Til 
-.0856 

.0300 
-.0149 


-.0030 
-.0276 


-.0343 
-.0295 
-.0387 
=O ae 
-.0782 


-.0964 


-.1090 


= eee 
-.1306 
-.1378 


~. 1456 


PHI 


.0888 
.0979 
.0980 
»07 62 
«i358 
oe 
2011 
eyes 7 
-2017 
aZ0l2 
gp dleatese) 
Bilis 4 ie, 
Palle oie: 
~1344 
a 74 tS, 
200 
.0936 
.0642 


(degrees) 


oe 


.0850 
20927] 
.0966 
.0508 
ee 7 
5 a eAls: 
silieileyl 
17 86 
-1704 
5 steak 
.1541 
5 Lees, 
5 LING AT ae. 
7258 
ial 8 
5 ll akiaite, 
= OS) 7/0 
0773 


(degrees) 


-1043 
SUT 
.0894 
.0382 
UO0S 
Oars 9 
-0025 
.0103 
20074 
my ele ass 
-0411 
065" 
0930 
SEA. 3) 
Zs 
-1402 
oD4aT 
1687 


102 


la) 
SIG aul 
a O32 
.0464 
20150 
Brey yi 
.0201 
.0148 
.0148 
.0032 
02 333 
SUisle s, 
.0973 
Bel Be 21572 
eee 
c2 503 
260 L 
-1869 -—.2027 


.0874 
nv 0 3 
.0928 
20301 
.1438 
28365 
-1310 
-1426 
aeles2 9 
mes 1 1 
see, 6 3 
ee 7 
e205 
.1210 
lek 4 2 
a8 6 
~1042 
.0855 


21267 
ses 7 
#0970 
.0450 
.0280 
-0461 
.0356 
.0288 
FUE NUYA 
.0114 
.0102 
.0487 
SSS 1s 
ees 
ees Tag 
BILE, 


1815 


.0860 
.0903 
.0856 
.0037 
-0654 
.0641 
OG 1 
20931 
moo SL 
0 5 
nO 2 2 
OZ 2 
.1094 
i138 
eli ls 
sl bilisyy 
ie 2 4 
eo sd 


APPENDIX F. DYNAMIC PRESSURE ISOLATION TEST DATA 


THETA 
(degrees) 


DL. 
45. 
Ga. 
20". 
PZ. 
I Saye 
le 
180. 


Ome mo UW1O V1 OS 


—-25 


S10} ages: 
.0066 
.0134 
20 1.35 
.0086 
.0134 
.0088 
036 
.0088 


-10 


.0438 
Oe 2 2 
20220 
-0194 
.0244 
OZ 02 
-0224 
.0274 
-0246 


1s gtd 


=5 


-0434 
-0264 
mo 16 
-0214 
.0287 
.0240 
no29 0 
20S 6 
~0312 
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(degrees) 


50.313 3 
2UZz0 5 
20341 
Be IPAS| 7) 
2031Z 
FOsil 
20311 
70338 
BOSE 2 


uO Saez 
or 2ifoes 
.0288 
2269 
.0288 
70560 
.0288 
70S LG 
aur Lo 


10 


.0290 
oO 
.0244 
wO2 720 
-0242 
.0244 
70220 
20270 
“UOT Ee) 


25 


-0042 
SOs, 
.0186 
~ (0 Ibias 
01:36 
-0112 
.0084 
-0062 
.0038 


APPENDIX G. ADU TRANSDUCER ISOLATION ANALYSIS DATA 


Transducers Connected 


P(T) 

Pressure +P(A) P(T) P(A) 

(cm H20) +P(B) +P(A) +P(B) P(A) P(B) P(T) none 
—-60 -4618 5.3920 4.3339 5.4401 5.4711 5.4744 5.4868 
—50 -4606 5.4460 4.3696 5.4958 5.5267 5.5301 5-548 
-—40 -4593 5.5185 4.4053 5.5505 ° 525815 55-5647 32> 
—30 -4581 5.5530 4.4409 5.6067 5.6370 5.26407 5S s6oee 
—20 -4569 5.6070 4.4758 5.6628 5.6929 5.6946 5.7084 
—-10 -4556 5.6599 4.5114 5.7169 5.7474 5.7496 5.76393 

0 -4544 5.7151 4.5465 5.7710°5-8030 5.6065 S 2c 
10 .4532 5.7675 4.5805 5.8280 5.8595 570672355 oe 
20 -4519 5.8208 4.6149 5.8820 5.9153 5.916465 22. 
30 -4507 5.8735 4.6494 5.9370 5.9698 5.97175 .Jece 
40 -4494 5.9267 4.6837 5.9930 6.0257 6.0299 6.0414 
50 -4486 5.9798 4.7178 6.0486 6.0816 6.0857 6.0957 
60 -4468 6.0327 4.7530 6.1043 6.1374 6.1417 Geloze 
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